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Abstract 
The need for harder, tougher and possibly lighter materials in the 
high performance industries has led to the development of a range 
of advanced materials; these include metal matrix composites 
(MMCs), ceramic matrix composites (CMCs), lightweight alloys and 
some engineering ceramics. Their introduction posed machining 
problems when conventional machining methods were used. 
The manufacture of complex three-dimensional components from 
these materials by casting or other methods may not always be pos-
sible. In these circumstances non-conventional machining processes 
may provide an alternative solution. Gaining a knowledge of the 
effectiveness and limitations of the advanced machining techniques 
for new materials is essential if designers and engineers are to ex-
ploit fully their properties. 
This thesis deals with the machinability of some advanced materials 
by a non-conventional material-removal process, electro-discharge 
machining method (EDM). A brief history and evolution of the 
process is reported and the materials' development, properties and 
applications are briefly described. 
The materials used include aluminium-lithium alloy (Al-Li), silicon 
carbide particulate reinforced aluminium (Al -SiC), alumina particu-
late reinforced aluminium (AI-A1 203), and a conductive ceramic 
(Syalon 501). A variation of the EDM process, electrolytic EDM, is 
also discussed, and results of its use for machining the non-
conductive ceramics are described. 
The experimental work consisted in finding the optimum machining 
parameters (peak current, pulse on-time, duty cycle, tool polarity 
and tool material) for each material and assessing the effect of the 
process on the various responses (material removal, tool wear, sur-
face finish, hardness, accuracy and tensile properties). Each 
response was computed as a function of the machining parameters 
which are peak current, pulse on-time and in the case of Syalon 
501, the duty cycle. These models were obtained through single 
response multiple regression analysis. 
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The ever increasing demand for harder, tougher and if possible 
lighter materials in the high performance industry led to the 
development of a new range of advanced materials, these include 
metal matrix composites (MMCs), ceramic matrix composites 
(CMCs), lightweight alloys and some engineering ceramics. These 
materials exhibit excellent properties, high strength, high stiffness, 
good wear resistance and in the case of the lightweight alloys the 
improvements are accompanied by a reduction in density which is a 
very desirable attribute, especially in the transport industries 
(aerospace and automotive) [1-8]. The reduction in density translates 
directly into fuel saving whose cost is on the increase. 
The improvements in properties cannot be taken full advantage of 
due to the difficulties encountered when machining these materials. 
Machining difficulties might arise for various reasons, some directly 
related to the enhanced properties while others are due to the re-
quirements on the final components. These can be summarised as; 
- Machinability of material 
- Workpiece shape complexity 
- Surface quality requirements 
- Precision requirements 
- Miniaturisation requirements 
The materials used in this investigation are: 
- Aluminium reinforced with silicon carbide particulate (Al -SiC) 
- Aluminium reinforced with alumina particulate (Al -A1 20 3) 
- Aluminium lithium alloy (Al-Li) 
- Syalon 501 (an electrically conductive ceramic) 
The combination of the machining difficulties will make the tradi-
tional machining methods almost useless and certainly cost 
ineffective, since the only tooling that can exhibit a relatively useful 
tool life is polycrystalline diamond (PCD) and to a lower degree 
tungsten carbide tools [9-111. 
In light of these difficulties, the material working industry sought al-
ternative forming and machining techniques. Although the forming 
techniques resulted in a near net shape, the machining operation is 
still inevitable to produce the desired shape and size of the final 
component. These alternative machining techniques are grouped 
under the title of non-conventional or non-traditional material remo-
val processes. The naming has become partially demoded since 
some of these processes are being used in almost every workshop 
and not only by the specialist. 
The different non conventional machining processes may be 
classified according to their input energy type as shown below: 
Mechanical processes 
- Ultrasonic machining 
- Water jet machining 
- Abrasive machining 
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Chemical processes 
- Chemical machining 
- photo-chemical machining 
Electro-chemical processes 
- Electro-chemical machining 
Electro-thermal processes 
- Electric Discharge Machining (EDM) 
- Laser Beam Machining (LBM) 
- Electron Beam Machining (EBM) 
- Ion Beam Machining (IBM) 
- Plasma Arc Machining (PAM) 
Some of the arguments in favour of the use of these new machining 
processes were mentioned briefly earlier, here are some examples to 
illustrate them: 
Shape geometry 
The shapes that can be generated using conventional machining 
methods are limited. For example, the only shape possible for con-
ventional hole drilling is circular, while for EDM or ECM the cross 
sectional shape is of little concern. Chemical machining can generate 
grooves of few micrometres (gm) deep which will be a daunting 
task if conventional methods are to be used. Hole drilling at shal-




Tolerances are getting tighter and the trend in machining is toward 
the nano scale. This precision is obtainable by removing atoms or 
molecules ( atomic bit machining). 
The need for damage and distortion free surfaces due to mechanical 
or thermal action may require the use of some non-conventional 
machining methods such as ion beam machining. This is more so 
when dealing with very thin specimens. 
Miniaturisation 
The trend toward miniature equipment is established partiacularly in 
the electronic industry. Very small diameter holes (10-100 pm) are 
drilled by EDM, LBM and micro-ECM. This would not be possible 
by conventional means. The integration of miniature mechanical 
parts with the electronic circuitry would lead to a better product and 
at a lower cost. 
Automation 
The use of production techniques such as NC, CNC, CAD/CAM 
and CIM was a success. The automation of the information flow 
results in lower production costs, reduced inventry and in general a 
more efficient production process. These techniques are easy to in-
tegrate with the non-conventional processes. NC controlled laser or 
electron beam cutting have been used successfully due to the au-
tomated data transmission [12]. Another example of a non-
conventional machining method that benefited from automation is 
the EDM wire cutting. 
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The use of programmable machines with tool holders and changers 
may reduce markedly the number of successive operations that 
would be necessary if a conventional method was chosen. A typical 
example is a carbide die plate which requires two pieces if produced 
on a profile grinder while it can be produced out of one block using 
EDM [121. 
1.1 Survey of relevant work 
A literature search revealed that up to date very little work was un-
dertaken in this field, ie the electro -discharge machining of these 
new materials, a review of the literature is to be found in chapter 3. 
The nearest work reported was in relation to the machinability of 
some metal matrix composites (Al -SiC, Al -SiC) and ceramic ma-
trix composites (A1 20 3-SiC, SiC-TiB 2)  by abrasive water jet 
[13,14]. Some attempts at the wire EDM of B 4C, Al 20 3+TiC, 
SiSiC [15] and TiB 2+SiC [16] were also reported, but no reference 
as to. the non-conventional machining of aluminium lithium alloys 
was found. 
As mentioned earlier, there are various reasons for opting for the 
non- conventional machining methods, the primary ones are hard-
ness and toughness of the workpiece and the shape complexity of 
the component to be produced. If the use of a hard material be-
comes a necessity, some machining operators would rather 'suffer' 
the use of their established processes (conventional) with all the 
disadvantages such as excessive tool wear thus high tooling cost 
than use a non-conventional machining process, the cause being the 
lack of information and data on their uses and capabilities. 
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1.2 Objective of the study 
The literature review revealed that the trend in material usage, espe-
cially in aerospace, favours metal matrix composites, ceramic matrix 
composites and lightweight alloys [17-21]. The review also indicated 
that these materials pose serious problems during machining to such 
an extent that two to three tool changes are required for an elemen-
tary machining operation or that the task is just not possible using 
conventional machining methods. It was also clear from the litera-
ture review that those problems can easily be overcome by the 
choice of an appropriate non-conventional process. 
The different processes available in the department are ultrasonic 
machining (USM), electro -chemical machining (ECM), laser beam 
machining (LBM) and electro-discharge machining (EDM). The 
choice of the process for this investigation was influenced by an in-
terest in electrical discharge machining of ceramics. 
The main objective of this investigation was to decide on the machi-
nability of these advanced material by the electro-discharge machin-
ing process and if the outcome was positive to determine the op-
timal machining conditions and the effect on the machined com-
ponents that are induced by the process. The various control factors 
used are peak current, pulse duration (on-time and off-time), tool 
polarity and tool material. The resulting measured responses were 
material removal, tool wear, geometrical accuracy, surface finish, 
microhardness changes and modification of tensile properties. 
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This thesis is structured into 8 chapters that are described briefly in 
the following section, chapter 1 being this introduction. 
Chapter 2 
Gives some information about the EDM process, the various im-
portant parameters influencing machining efficiency (electrical 
parameters, machining fluid and choice of materials) and 
describes some developments in the EDM field. 
Chapter 3 
Is a review of the literature on the EDM process and on the ma-
terials used in this investigation both individually and as a com-
bination. It also describes the trend in material consumption into 
the 21" century. 
Chapter 4 
Describes the different tests carried out with information on the 
relevant parameters, control factors and measured responses. A 
brief section is added to define the terminology used in this 
work. 
Chapter 5 
Includes more detailed information about the materials used. All 
the experimental work on the aluminium based composites and 
alloys is reported here. 
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Chapter 6 
Deals with the machinability of ceramics. It consists of general 
information about ceramics, the unsuccessful attempts at machin-
ing various ceramics using 'pure EDM' and the experimental 
work on 'electrolytic EDM' which did not prove successful, ex-
cept in the case of B 4C. The last section deals with the machin-
ing of the electrically conductive ceramic Syalon 501. 
Chapter 7 
Is a general discussion about the degree of success achieved 
with the different materials and is a pool of comparative results 
including the the various equations obtained for each material 
through multiple regression analysis. 
Chapter 8 
Is the concluding part of the thesis and consists of the different 
conclusions drawn from the study of the experimental data. The 
problems encountered are mentioned and suggestions are made 
for improvements in some areas. 
And finally an appendix consisting of the two papers published 
using some of the results obtained during this investigation. 
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Chapter 2 
The EDM process 
2.1 Working principle 
Electro-discharge machining is a shape copying process, as shown 
in fig 2. 1, in which a "blank" workpiece is eroded to the shape of 
the tool electrode by sparks. Although the basic principle is simple, 
the process as a whole is not easily quantifiable. 
The tool and the workpiece are immersed in a dielectric medium 
and a voltage is applied between the two electrodes. When the vol-
tage is first applied, there is no flow of current because the dielectric 
is too strong an insulator. As the tool moves towards the workpiece, 
the gap separating them is narrowed and the resulting electric field 
increases until the resistance of the dielectric is overcome. Then a 
spark jumps across the gap, a diagram of the trace of an EDM 
discharge is shown in fig.2.2, during the discharge, electrical energy 
is converted to heat, which rapidly raises the temperature of the 
workpiece and melts a small area on its surface. This is the more 
likely explanation for the material removal process. Although three 
mechanisms of metal removal were proposed, electro-mechanical, 
then-no-mechanical and electro-thermal [22], the last mechanism is 
regarded as the most adequate. 
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Fig 2.1 EDM as a shape copying process 
I 
td : Time delay 	 Vn: Open voltage 
te : Period of discharge 	 ton: Pulse on-time 
ti : Implosion of discharge channel 	toff: Pulse off-time 
Fig.2.2 Simplified voltage and current traces of a discharge 
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2.2 Discharge phenomenon 
The theory behind the process is that initially, when the electrical 
field builds up at the point where the inter-electrode gap is the smal-
lest, partial ionisation occurs and negatively charged particles are 
emitted from the cathode (field emission). Neutral particles in the 
inter-electrode gap are ionised, forming positively and negatively 
charged particles; this process spreads at a high rate, and is known 
as impact ionisation. Negative particles migrate to the positive elec-
trode (anode) and positive particles to the cathode, and a discharge 
channel is formed. A set of panels, fig 2.3, show the various stages 
that lead to a discharge; 
Increase in voltage; an elecrical field builds up at the position of 
least resistance, where the gap is narrowest- where surface rough-
ness creates small opposing peaks- or where there is the highest lo-
cal conductivity of the fluid and suspended fine solid impurities. 
Formation of a bridge by negatively charged particles, the voltage 
begins to level out, but the current remains at zero. Partial ionisation 
of the dielectric occurs. 
The strength of the dielectric is exceeded, and the insulation 
effect is broken down; current just begins to flow, while voltage 
falls, and the first stage of the discharge commences. 
Negatively and positively charged particles migrate to opposite 
electrodes, and electric current flows at a higher rate but with falling 
voltage. A tunnel of vapour begins to form and the metal of the 
workpiece begins to melt over a tiny area. 
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The discharge tunnel continues to build up, due to a rise in tem-
perature and pressure; a vapour bubble starts to form. The voltage 
and current begin to level off. 
At this stage the the spark is strongest and the generated heat is 
most intense; the vapour bubble is expanding rapidly. At the end of 
this stage the power is switched off. 
After the drop in current (end of pulse) no further heat is being 
created; there is a marked decrease in the number of charged parti-
cles crossing the gap, the discharge tunnel collapses and the molten 
material evaporates explosively away from the surface of the work-
piece. The molten and vaporised material solidify quickly in the sur-
rounding dielectric fluid. 
The vapour bubble implodes. 
The debris are carried away by the machining fluid. Voltage is 
applied once again to create the next pulse and the cycle is repeated 
at a high frequency. 
The above stages can be condensed into three successive phases 
a) Ignition phase: 
This stage lasts for a short time, during which ionisation occurs. 
Following the application of the voltage field emission will occur, 
electrons will leave the cathode and be directed towards the anode 
through the dielectric. Due to the heat generated, the dielectric will 
evaporate locally and generate gas bubbles within which breakdown 
can occur. 
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Main discharge phase: 
lonisation by collision is now possible. Electrons leaving the 
cathode collide with neutral particles in the gap and a further rise in 
temperature is observed; a discharge tunnel builds up. The insulating 
gas bubbles are replaced by a plasma channel which is formed by 
ions, free electrons and vapour of both electrode materials as well as 
the gas resulting from the dielectric chemical decomposition. The 
channel is surrounded by bubbles. 
Melting phase: 
The increase of current intensity in the plasma channel leads to a 
rise in temperature, which makes the transition from electronic field 
emission to thermal field emission possible, and hence causing an 
increase in current density, which can be in the range of 106  to 
1010A/mm 2 and an extremely high temperature of between 8000-
12000 °C is attained. Such temperatures causes the two surfaces to 
melt and even vaporise. 
2.3 Energy distribution in the gap 
After completion of the discharge, the energy in the inter-electrode 
gap is distributed between the two electrodes and the plasma chan-
nel. Van Dijck et al [23] estimated the loss in power in the plasma 
channel to be no greater than 1%, thus almost all the power is con-
vetted into heat at the surface of the tool and the workpiece. 
The energy dissipation in the plasma channel, which is composed of 
a mixture of vaporised dielectric and metal in molecular, atomic and 
ionised state, is governed by the nature of the gas in the channel, 
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the anode material, the current(I), the gas pressure (p), and the 
discharge length (L). 
In the cathode region the total current I is the summation of the 
electron current emitted from the cathode I, and the ion current 
flowing towards the cathode I +. The power dissipated at the surface 
of the cathode can be expressed as: 
= (U +U -'v)• + - V. ' - 
where: I + is ion current at cathode 
1_ is electron current at cathode 
U1 is ionisation potential 
U is cathode potential drop 
N' is work function of the cathode metal. 
Since less than 1% of the total power is dissipated in the plasma 
channel, the power dissipated at the anode Pa  can be calculated by: 
"a =Pp c 
where P , the pulse power, can be expressed as the product of the 
pulse current(I) and the pulse voltage (UP ), 
Pp =Ip .Up 
Since material removal depends on the energy available at both elec-
trodes, then by knowing and controlling the energy dissipation at ei-
ther electrodes material removal rate and tool wear can be optim-
ised. This depends on the ratio P a  /PC 9  which itself depends on the 
ratio of the electron to ion current. It was stated that the power ratio 
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"a /P decreases with a decrease in current density [23]. As a conse-
quence it is expected that all parameters that cause a decrease in 
current density will reduce the positive electrode wear. This 
behaviour could explain the reduction in tool wear in some cases, 
for example the relative tool wear decreases with increasing pulse 
duration. This is attributed to a decrease in current density, since it 
is lower for long pulse durations because the plasma channel grows 
as a function of the pulse duration. It was stated that the tool wear 
decreases with the increase of volume of gas and vapour thus en-
larging the plasma channel [23]; the latter grows faster when the in-
ertia due to the dielectric is weakened by a high gas content. 
Another explanation for the preferential erosion of the electrodes is 
the choice of tool and workpiece materials. The difference in their 
thermal properties lead to the existence of a critical point in pulse 
energy as formulated by Leemeris [24] in the following equations: 
2/3 
KTm  
top t = 
14.42 
[ 	Af  
rm=[ 	
A1 	]1/3 
3lCTm  DC0 
a0 = c / p c0 and c0 = c + rn/Tm  
a = K Tm 	[Js_213] 
= f 
TM CO  108  [Jm 3
] 
= p K T, 2 1013  [J2ms] 
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Where; 
t01, pulse duration [s] 
r 	radius in spherical coordinates [m I 
Af pulse energy [J] 
p 	specific mass [kg.m 3 ] 
K 	heat conduction coefficient [JmsK] 
m 	melting heat [K] 
TM melting point [K] 
C 	specific heat [JkgK] 
Using the crater dimensions, he stated that at the critical pulse 
on-time , the discharge could only melt the material without 
expelling it and that this critical value is different for each 
material. Thus by selecting tool and workpiece from materials 
having a large enough differential, the discharge will be above 
the critical value for the workpiece, and hence melting and 
expelling the material but below the critical value for the tool. 
The following table shows the a, P and 6 values for copper 
and aluminium: 
Material 	a 	 6 
Copper 3200 57 150 
Aluminium 1400 29 32 
Graphite 3700 50 200 
Steel(0.1% C) 210 79 40.6 
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For example, with a graphite tool and a steel workpiece using a 
pulse energy of 0.05 J, the optimum pulse time value for 
machining aluminium will be - 135 ps. At this level the critical 
value is below 100 ps, thus no tool wear should occur. 
A third explanation for the preferential erosion could be linked 
to the fact that the energy transferred to the electrodes is pro-
portional to the kinetic energy of the charged particles in the 
plasma channel. The negatively charged particles will hit the 
positive electrode while the positively charged particles will 
bombard the negative electrode. The former will be travelling 
at a higher velocity. 
2.4 Machining fluids 
In EDM machines a hydrocarbon fluid such as transformer oil, 
paraffin oil or a mixture of hydrocarbon oils can be used as 
machining fluid. Some of the basic requirements for the 
machining fluid are a high flash point, chemical neutrality, low 
viscosity, non toxicity, cheapness and availability. Due to the 
range of machining fluids technically feasible for EDM pur-
poses, it should be noted that the term "dielectric" fluid, largely 
used in EDM literature, can be somewhat misleading. In addi-
tion to the hydrocarbons, different other products are investi-
gated and used more or less successfully. Some of the com-
pounds used as dielectric are monohydric alcohols, aromatics, 
in addition to the hydrocarbons (cyclic and straight). Aqueous 
solution of sodium chloride, ferric chloride or a mixture of 
paraffin with xylene, toluene or heptane gave favourable results 
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paraffin with xylene, toluene or heptane gave favourable results 
[22]. All these media can be used as machining fluids but 
practical considerations largely preclude the commercial use of 
some of these experimental fluids since they were found to be 
prone to discharge instability when machining for long periods 
[22]. Two further media that have a specialised use are distilled 
water for high accuracy work, where very low pulse energy 
and pulse durations are used together with a spark gap of 
around 1 pm, and the second involves the addition of conduc-
tive powders ( eg; graphite or iron) to the normal machining 
fluid. The machining fluid has an important role in the EDM 
process and affects the finished work significantly [25,26]. The 
main functions of the machining medium can be stated as fol-
low: 
i) Electrical insulation 
The dielectric must act as an insulator between the two elec-
trodes until the inter-electrode gap is small enough for the 
spark to 'jump'. The smaller the gap the higher the 
effectiveness of the discharge, both for the amount of eroded 
material (small energy dissipation in the medium) and for the 
accuracy of the workpiece relative to the tool electrode. The 
gap size at a given machining voltage depends on the dielectric 
strength. This in turn is influenced by the presence of contam-
inants and bubbles which facilitate the initiation of the spark. 
The dielectric strength is a critical feature in the machining 
fluid's performence, and in service the machining gap is a 
compromise: a low dielectric strength gives a large gap result- 
ing in an increased discharge delay time and poor accuracy, 
while a high dielectric strength gives a smaller sparking gap 
and accurate copying, but too small a gap can result in high 
electrode wear, arcing and thus lower machining rate. 
Restricting the spark area 
By restricting the spark area (narrowing the discharge channel) 
it produces a high energy density, thus concentrating heat 
energy over a smaller area of metal which in turn will result in 
an increase in material removal per discharge. The restricting 
effect is caused by the surface tension. A high surface tension 
provides a low plasma spreading velocity, ideally the plasma 
channel diameter should remain small at the end of the 
discharge [27,28]. 
Ionisation 
A machining fluid must ionise and de-ionise quickly and easily 
so that the sparking can proceed at short pulse intervals, thus 
enabling machining to take place at high frequency which is 
beneficial to material removal rate (high) and to tool wear 
(low). Short pulse intervals have the effect of improving the 
surface finish of the workpiece. However, a minimum pulse 
interval is vital to allow for de-ionisation of the fluid. As men-
tioned earlier the conductivity of the fluid influences the 




During the discharge the electrical energy is converted to heat 
which the dielectric fluid must remove in order to ensure that 
overheating does not occur. Inadequate cooling would lead to 
overheating in the working gap and excessive gas and vapour 
generation which in turn will cause dimensional inaccuracies. 
The dielectric itself may have to be cooled if the generation of 
heat reaches a high rate. The temperature in the storage tank 
should not exceed 50 °C and it should be more than 15 °C below 
its flash point in the working tank [29]. 
Flushing and filtration 
Another function of the dielectric is the continuous removal of 
eroded particles from the sparking area. An inadequate debris 
removal will result in the bridging of the gap that would create 
a short circuit. The dielectric should have a sufficiently low 
viscosity for effective circulation (< 10 Centistokes at 40 C) 
[29]. It is important to filter the fluid to remove the eroded par -
ticles (debris), although the finely dispersed impurities - those 
too small to be removed by filtration - are regarded as 
beneficial to the process since they augment the fluid's conduc-
tivity and facilitate ionisation and formation of a discharge 
channel. The importance of flushing is even more marked 
when using the process for sinking deep cavities, in that situa-
tion flow rates and pressure are of primary importance for good 
machining. The importance of the machining medium is not 
just linked with cooling and debris removal but with material 
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removal rate and tool wear as well. As shown in fig 2.4, the 
flushing rate (ml/min) has a marked influence on both material 
removal and tool wear, the effect of flushing pressure (fig 2.5) 
exhibits the same pattern, namely the presence of an optimum 
region for pressure and flow rate that yield the best results for 
material removal and tool wear. As mentioned earlier, the tem-
perature of the dielectric influences material removal and tool 
wear, this is illustrated in fig.2.6. The nature of the dielectric 
fluid infuences material removal, tool wear and surface finish, 
but results obtained with a given dielectric will vary with the 
electrode material. The selection criteria for dielectric fluids can 
be summerized as follow: 
- Health and safety 
- Compatibility with components of machine 
- Viscosity 
- Filtrability 
- Chemical stability 
- Cost 
Tool wear (%) 
/"~Workpiece erosion mm3/min 
0 	5 	10 	 15 
Flushing rate ml/min  
Fig. 2. 4. Relative effect of flushing rate 










Fig .2.5. Relative effect of flushing pressure 
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Fig.2.6. Effect of dielectric temperature 
on tool wear and material removal rate [ref 25] 
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2.5 Effect of EDM on the material 
2.5.1 Surface effects 
The discrete and random discharges produce craters on the sur-
face of the workpiece. The surface has a matt appearance due 
to the overlapping craters, as shown in photograph 2.1, which 
when controlled is used in roll texturing [29]. 
The studies of the craters and debris were reported in the work 
of a number of researchers in the EDM field [30-35]. From 
observations, empirical expressions and computed relationships 
for the process responses and the electrical parameters were 
developed [24,28]. 
These relationships could yield information in two ways, firstly 
that crater volume (material removed per discharge) is directly 
related to the surface roughness produced and secondly if mul-
tiplied by the discharge frequency yields the theoretical 
material removal rate. The latter seldom agrees with the practi-
cal value since the effective frequency is not known and many 
discharges will only be partially effective, nonetheless it will 
give a good (rough) idea of what to expect. 
In addition to the matt appearance of the overlapping craters, 
globules of debris, both solid and hollow, pockmarks and 
cracks can be seen, these are especially predominant at high 





Photograph.2.1 Matt appearance of an EDMed 
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Photograph.2.2 A high magnification view 
of a formation inside a crater (Al-Li, 3000X) 
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It was stated that the molten material is only partially ejected at 
the end of the discharge, this makes material removal efficiency 
in EDM low, less than 20% of the total molten material is 
expelled from the molten pool while the rest resolidifies at the 
end of the pulse within the crater and around it [36, 37].  This 
explains the matt appearance. As for the debris, it was found 
that spherical globules both solid and hollow were present after 
ejection [31,32]. The surface layers may be enriched in material 
from both the tool electrode and the dielectric fluid [22]. 
2.5.2 Structural changes 
The microstructure of an EDMed surface is complex and usu-
ally differs from that of the parent material. Under the severe 
conditions of the discharge both tool and workpiece melt and 
the dielectric cracks, hence the fact that spark machined sur-
faces are enriched from both the machining fluid and the tool 
electrode. In view of the high temperatures attained during 
EDM and the extremely fast cooling rate, unusual microstruc-
tural changes in the workpiece (and the tool) are to be 
expected. 
A typical electro-discharged surface shows three zones, a) the 
white layer, b) the heat affected zone and c) the unaffected 
parent material. The white layer is reported to be non etchable 
and much harder than the parent material [36], this layer is 
present under all machining conditions, it may be attributable 
to both a change in structure and chemical composition. This 
change is primarily caused by the absorption of carbon from 
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the cracked dielectric (in the case of ferrous materials), while 
for non ferrous alloys the new structure is not due to a change 
in compostion but simply to a change in crystal structure. This 
conclusion was arrived at because the " abnormal structures" 
generated after EDM reverted to their "normal phase" on 
tempering [38]. The absorption might occur with non ferrous 
materials if there is compatibility with the alloying elements. 
2.5.3 Residual stresses 
The thermal contractions generated by the steep temperature 
changes will cause the surface layers to be stressed after 
machining. It is agreed that tensile stress occurs near the sur-
face, the maximum residual tensile stress is found to be just 
beneath the surface, while compressive stresses are located 
within the bulk of the material. It was found that residual stress 
increase with increasing pulse energy [39-41]. 
2.6 Developments in EDM 
EDM machines have become relatively common shopfioor 
tools [42-45] but to promote the EDM process even further 
requires fast and continuous development of machine tools and 
associated technologies. 
Further developments and application fields depend essentially 
on the efficient use and integration of the process into the 
already available concepts. Economical production is of funda-
mental importance, this can be achieved by automation using 
the EDM machines on a 24 hours operations. 
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To make the EDM process even more competitive, various 
aspects of the process are developed. Basically they converge 
to solve the basic problems of tool wear and process efficiency. 
These developments include: 
- Adaptive control and detection systems 
- Rotating and orbiting EDM 
- No wear concept 
- Ultrasonic assisted EDM 
- Semi condutor tools 
- EDEM (Electric Discharge and Electrode Machining) concept 
- New dielectrics 
Adaptive control and detection systems 
EDM operates on the premise that arcing is avoided whenever 
possible. This is done through the servo-mechanism by keeping 
the machining gap constant and at an optimal value. The reac-
tion speed of the servo to changing gap conditions is an impor-
tant factor in the efficient running of the process. The most 
widely used servo-mechanisms utilise the gap voltage as refer -
ence for decision making. The goal for these systems is to be 
able to anticipate arcing and short circuits and act so as to 
avoid them. 
The various EDM process analysers (or control systems) used 
for this purpose are based on different parameters for assessing 
the gap conditions [46-49]. Some of the parameters used are 
ignition delay, discharge voltage and radio frequency signals. 
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Rotating and orbiting EDM 
These optional extras resulted from the need for improved 
flushing conditions in certain EDM applications. Improved 
flushing is particularly required for deep cavity sinking, fine 
finishing or small hole drilling. 
Rotating electrodes 
Elecrode rotating devices contribute to the solution of the flush-
ing difficulties encountered when machining small holes or 
deep cavities. The relative motion between tool and workpiece 
help circulate the dielectric, this increases cutting speed and 
produces a better quality component. 
Holes produced by rotating tools are straighter and rounder and 
tend to have a finer finish. This may be due to the uniform, 
non cummulative effect of the tool, ie if any tool irregularity is 
present it will not be concentrated on the same spot as with a 
stationary electrode. 
Orbiting electrodes 
In orbiting the tool electrode normally does not rotate, but 
rather revolves in a prescribed orbit or path. While rotating 
electrodes are limited to the production of round holes, with 
orbiting EDM different shapes of holes and cavities can be pro-
duced. In addition to the improvements in flushing, orbital 
electrodes have other desirable effects compared to stationary 
electrode machining. There is less wear as it is distributed over 
the bottom of the tool as well as the sides. The same finish is 
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obtained throughout the machined surfaces because of the rela-
tive motion between tool and workpiece. Overcut predictions 
are not critical in orbiting EDM, the tool electrode can be deli-
berately made undersize and hole size adjustements are made 
by adjusting the orbit radius. This makes tool manufacture less 
costly and this reflects on the overall process cost [50,51]. 
No wear EDM concept 
This is a machining mode in which tool wear is reduced to a 
very small amount, typically the wear ratio is 1% or less. 
For a given tool/workpiece material combination the pulse 
duration can be chosen so as to maximise the workpiece ero-
sion while keeping that of the tool at a lesser value. 
This effect is associated with the thermal properties of the 
different materials. The most common combination of tool and 
workpiece materials that are suitable for the no wear mode is 
copper or graphite (tool) and steel (workpiece). The same tool 
materials can also achieve the no wear mode with aluminium 
workpieces [50]. 
Ultrasonic assisted EDM 
When flushing conditions are poor, particularly when machin-
ing deep cavities, vibrating devices are sometimes used to axi-
ally oscillate either the tool or the workpiece [52,53]. This pro-
vides a hydraulic pumping action that keeps the debris in 
suspension and facilitate their removal. 
The amplitude of the oscillations must be less than the inter- 
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electrode gap so as not to discontinue machining. On some 
machines synchronised pulsed flushing is provided, in which 
case flushing occurs only during the non machining time (off-
time) and the tool is retracted slightly to enlarge the gap. This 
technique improves surface quality and increases tool life. 
If the use of vibrations is beneficial to the EDM process, the 
same will probably be true for ultrasonic vibrations. The use of 
ultrasonic waves superimposed onto the EDM action will 
improve the process in possibly two ways, firstly by improving 
the flushing action and reducing the possibility of arcing and 
secondly by the direct impact on material removal and surface 
finish. 
Semi conductor tools 
One of the problems encountered in EDM is the poor surface 
quality when machining large areas. This may be due to 
insufficient current densities and poor flushing conditions when 
using a large stationary tool electrode. 
This problem can be overcome by the use of small tool elec-
trodes packed together to form the final tool but it might pose a 
technical challenge. It was found that some semi conductor 
materials could be used as a block tool while still presenting 
the advantage of acting as a multitude of point tools [54]. 
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The EDEM concept 
The developments in CNC and CAD/CAM offer the possibility 
of tool electrode movement relative to the workpiece, this win 
lead to simplifying tool contour and geometry, similar to the 
possibilities offered by orbiting EDM. This combined with 
ease of positioning and axis rotation will offer a wide variety 
of shapes that can be produced with the use of a single simply 
shaped tool electrode. This was the starting point for the 
development of the EDEM concept (Electric Discharge and 
Electrode Machining centre), the EDM machine that produces 
its own tool electrodes [55]. 
The advantages associated with this concept are simple tool 
geometry, tool wear becomes of secondary importance due to 
simple reshaping of the tool and no reclamping needed thus 
eliminating inaccuracies. This concept might just be the starting 
point for the EDM machine of the future. 
New dielectrics 
The most commonly used machining fluids are either hydrocar-
bon oils for general purpose EDM or de-ionised water for wire 
EDM and for high accuracy machining. Several attempts were 
made to find variations such as the use of aromatic fluids, spe-
cial alcohols or the incorporation of particulate impurities (iron 
or graphite)[22] to facilitate ignition and improve accuracy by 
narrowing the machining gap. 
Although some positive results were achieved, the problem of 
keeping the particles in suspension persisted. But recently a 
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new dielectric was developed using extra fine particles that can 
be stabilised in suspension, it was developed in Germany under 
the name IONOPLUS IME-MH [56]. 
The fine particles act as 'satellite electrodes' when subjected to 
an electrical field. They turn into strong dipoles and align 
themselves along the lines of the electric flux and lead to 
quicker build up of the discharge channel. 
The use of this dielectric resulted in better material removal 
rates, a decrease in tool wear and a surface roughness (Ra ) of 




3.1 The Process 
In the following sections a brief history of electro-discharge machin-
ing will be outlined from the time discharges were first observed to 
their use as a machining tool. The developments of the different 
components involved in making an EDM machine will be discussed. 
In 1751 and 1762 spark discharges had been observed respectively 
by Benjamin Franklin and Joseph Priestly, and the event was 
recorded without finding any practical use for it. The first applica-
tion had to wait until 1906, when Svedberg used spark discharges 
for the disintegration of metals in the form of small particles. He 
used the discharges to produce colloidal solutions by pulverising the 
inter- electrode gap immersed in a liquid. 
Production of colloidal solutions were also carried out by Bredig 
(1901) by using an arc submerged in liquid. The same problem was 
further investigated by Kohlschutter (1919) by using spark disharges 
and employing a circuit resembling a relaxation circuit which is still 
used in the present EDM machines. 
He observed that in the discharge process more metal is removed 
from the positive than from the negative electrode, and this is the 
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principle upon which modem spark machining methods is based. In 
his experiments Kohlschutter used distilled water as a "dielectric", 
which if compared to any other dielectric medium used at present, 
such as paraffin, gives comparable cutting rates. 
Kohlschutter's discovery remained a curiosity or, at best, a labora-
tory process, and this is due to the fact that machining problems 
were not as acute as they are now ( cemented carbides and hard 
alloys were not every day materials), even the production of metal 
powder by spark discharges was not adopted on a commercial scale. 
Another discovery that highlighted the possibility of metal removal 
by electrical discharges was the fact that electrical contact points 
wear [57-59], and this occurs when contacts are closed or broken, 
since when electrical contacts are held together with a sufficient 
pressure and a current is passed between them no destructive action 
on the contacts takes place. 
Amongst the scientists concerned with this problem was R.Holm 
and the results of his work were published in 1934. Since then more 
research was carried out and many patents were launched, thus tak-
ing the process one step further into industry. 
In 1936 interrupted DC arcs produced by "poor contact" between a 
rotating workpiece and a stationary electrode in air were employed 
by Holslag, whose patent specification shows a lathe like machine 
developed for this purpose [60]. 
Another attempt to employ a travelling arc for cutting off operations 
consists in the use of a circular saw, between the periphery of which 
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and the workpiece, an interrupted arc is drawn (British patent 1937). 
The use of interrupted arc discharges was proposed by Brunett in 
1942, the process used a vibrating electrode and a stationary work-
piece immersed in a fluid. 
As mentioned before, it was during the thirties that many so called 
"arc disintegrators" were patented and used, as carbides and hard 
materials posed machining problems. 
The discharge energy of "arc disintegrators" however cannot be con-
trolled well enough for precise machining, and it was during the 
second world war that a further development to the EDM process 
came about. The idea was developed during an investigation on the 
wear of electric contacts carried out by BR and NI Lazarenko, 
which is similar to the one mentioned earlier. They used sparks gen-
erated by a condenser with controlled energy and discharge time 
(relaxation generator), and found out that spark, as opposed to arcs, 
could achieve good machining. After 1945 more patents were 
launched and worldwide research started to develop the proposal 
into practice and improve it. 
A further driving force for improving the process, in addition to the 
use of hard materials, was the need to produce complex workpieces 
to achieve stiff and light design (ie automotive and aerospace indus-
tries). 
Now that the principle of electrical machining was accepted, 
research was needed to improve it and make it a viable process on 
the shop floor. Improvements were made in different areas {61,62], 
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design of the structure of the machine, the dielectric flow system, 
the machining fluid itself, power generator and the feed control sys-
tem. In the following we will try to identify the developments that 
took place and are still taking place to achieve the manufacture of a 
better EDM machine. 
The area that gained in the first improvements was the pulse genera-
tor, as mentioned earlier, the "arc disintegrators" cannot be con-
trolled for precise machining, to remedy to this situation, as done by 
BR and NI Lazarenko, relaxation type generators were designed and 
used. In this generator a capacitor is charged through a resistor or 
inductor (or a combination of both) from a direct current power sup-
ply. The voltages used were ranging from 100V to 500V, and the 
energy supplied to the gap is determined by the value of the capaci-
tor C and the breakdown voltage U, and is given by 
E=l/2 U C 
The pulse form and time of discharge depend on the discharge cir-
cuit, and there is little control that can be exercised [22]. Generally 
the peak pulse currents are high (up to 1000A) and the charge cycle 
is relatively long in respect to the discharge time, thus time utilisa-
tion of cycle is poor. 
To create a better machine, a better pulse generator was needed. A 
controlled pulse generator (Independent Pulse Generator) was made 
and was considerably more efficient than the relaxation type [18,63]. 
The pulse duration and repetition time can be selected and con-
trolled. Currents ranging from 1 to 100A and pulse durations of 0.1 
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ts to ims are normally used. These pulse generators usually use a 
rectangular pulse shape, but generators using pulse shapes other than 
rectangular were developed [64,65]. Using a generator with tra-
pezoidal pulses, De Bruyn succeeded in reducing the relative tool 
wear to very low values. Other types of generators create an initial 
pulse of high voltage with low current of few microseconds duration 
before the main discharge, which facilitate ignition. Another type of 
pulse generator is the isopulse generator. The need for repeatable 
performance, especially for research purposes, led to the develop-
ment of the constant energy pulse generator. This design ensures 
that each discharge is of equal energy. 
Another area where improvements were made is the servo-
mechanism which controls the tool feed rate. The feed rate control 
system is of great importance in the efficient working of EDM, and 
its function is to control responsively the working gap and keep it as 
near to the set value as possible. The systems mostly used are 
electro-mechanical (dc or step motors) or electro-hydraulic, they are 
normally designed to respond to the average gap voltage which is 
found to be proportional to to the gap dimensions. The important 
requirements are gap stability and reaction speed of the system, 
which must be high in order to respond to short circuit and open 
gap conditions. 
As for the dielectric (machining fluid), hydrocarbons are used, such 
as paraffin, kerosene. The use of hydrocarbons as quenching media 
can be traced back to to the introduction of the mercury contact 
interupter for operation on the Ruhmkorff coil [60], where paraffin 
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oil placed above the mercury was found to be an efficient spark 
quenching agent. It was found that it is the hydrogen in the hydro-
carbon which owing to its de-ionising property, provides the 
quenching. The essential requirements of a dielectric for spark 
machining purposes are that it must: 
• Remain electrically non- conductive until the required breakdown 
voltage is reached, that is to possess a high dielectric strength. 
• Rapidely de-ionise the gap after the discharge has taken place so 
as to avoid the sparking deteriorating into an arc. 
• Breakdown electrically under a given voltage and spark gap condi-
tions in the shortest time once the breakdown voltage is applied, that 
is to help attain the shortest ignition delay. 
• Provide an effective cooling medium. 
• Be able to remove the debris in suspension in the gap. 
• Have a high degree of fluidity. 
In theory any of the non-electrically conductive fluids can be 
employed in EDM applications . Most of them, however, are 
excluded by virtue of their unsuitable characteristics in service. The 
only suitable products left are: hydrocarbon products in the form of 
highly refined mineral oils, and water. 
Hydrocarbon fluids are known as aromatic, paraffinic or naphtenic, 
according to the type of molecular structure that predominates in 
their make-up. 
The choice of a dielectric fluid will depend on its merits, and com-
parative tests are required with regard to: 
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• Removal rate 
• Tool wear 
• Surface finish 
• Filtering ability 
• Generation of gases (toxicity) 
• Chemical stability under spark machining conditions 
• Cost 
The progress made in the other areas is not as marked as in control 
system, pulse generators and choice of dielectrics. Regarding the 
machine structure, improvements were made regarding the materials 
used and robustness of the machine, and in the flow system the use 
of high performance pumps made research into the effect of fluid 
pressure possible. 
The other area, and the newest, is concerned with automation. Since 
ED machining is a relatively slow process, it takes hours and some-
times days to complete a complicated component, thus the necessity 
to make it operate unattended [66]. Progress is being made in CNC 
machines and multiple tool holder and changer. An EDM machine 
can be programmed to produce a complicated component using 
different tools and changing the machining parameters as required. 
Using these machines requires the minimum human intervention 
(only to fix the workpiece on the machine and start the program). 
There are two basic types of EDM machines, the the vertical EDM 
system and the wire cutting machine. Vertical machining is based on 
a machine tool, which processes a workpiece through a ram device 
holding an electrode. The tool is fed onto the workpiece and a fixed 
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gap is kept constant by the servomechanism, and material is 
removed by the sparks. 
A computer numerical control of the process uses a dc drive motor 
on all three axes (X,Y,Z), making possible horizontal as well as 
vertical cutting, this enables orbit motion during the cut (planetary 
erosion) and helical angles can be machined by incorporating a C-
axis on the ram and a rotary table. Both of these axes can be tied 
into the control system, thus producing a 4 axis capability [67]. 
The second type is the wire EDM machine. The operating theory is 
similar to vertical machining. Differences exist in the electrode, 
dielectric and table movements [68]. The wire is continuously pulled 
from a supply spool onto a guiding mechanism through a series of 
pulleys, brushes, tensioning devices and a detection switch which 
turns off the cycle should the wire break [69]. The wire diameter is 
usually less than 0.5 mm [70]. The table moves in X and Y axes 
with a high accuracy, in the J.tm range. A motorised Z axis pro-
duces precise taper at both top and bottom of the workpiece, a 20 
taper can be produced. A typical application of the EDM wire cut-
ting machine is the production of tools used in EDM sinking (which 
is another name for vertical machining). These two systems are 
illustrated in fig 3.1 and fig.3.2 pages 47 and 48 respectively. 
In order to gain a better insight into the fundamental mechanism and 
behaviour of the process much basic research is done and is still in 
progress, both using the single discharge and a train of pulses. The 
aim is to achieve a machine independent of fluctuations caused by 
the complexity of the process, and this is based on the optimisation 
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of the EDM process. The work done on the EDM process was 
aimed at separating the influence of the different factors involved in 
the process, type of machine, servo-mechanisms, dielectric, flushing 
arrangements, electrical parameters and tool material. It is known 
that these parameters exert a significant influence on machining 
results. A quantitative comparison based on the work done by 
different researchers is difficult since they usually use different 
EDM machines, dielectrics, tools and machining parameters. Most 
of the work done in the past used steel as workpiece material to 
such an extent that any other material was almost never used. It is 
only recently that some of the advanced materials, metal matrix 
composites (MMCs), new alloys and ceramics, were tested as work-
piece material in the EDM process. The first two being mostly 
tested by the manufacturer but the ceramics are getting more atten-
tion as test material (conductive ceramics) especially in Germany 
and Japan. 
The past research focused on the understanding of the process by 
using one type of workpiece material (steel) and when a comprehen-
sive result is achieved for that particular material it could be 
transfered to others. But at present no such general relationship was 
arrived at and the empirical method is still in use, although different 
models simulating the process exist, no one of them explains the 
process completely, they all use assumptions and simplifications. 
Due to the complex compositions and properties of the newly 
developed materials, the transfer of results would be difficult. So at 
present the optimum machining conditions are to be found for each 
material through tests. In the literature very few references were 
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found as to Electro-Discharge Machining of these advanced materi-
als. 
3.2 Advanced materials 
During the last few decades, especially thanks to the aerospace 
industry, advanced materials (composites, new alloys and ceramics) 
have moved from research and laboratory materials into the realm of 
accepted materials as a cost effective alternative in structural com-
ponents. This was brought about through efforts of the defense 
departments of different countries, since cost, most of the time, is no 
obstacle for military applications. 
Advanced materials progressed in two stages, first came the the 
hybrid composites, examples of such systems are shown in Table 
3.1, and an example of a superhybrid is shown in fig.3.3. Graphite 
composites were first developed in the 70's in Britain and were used 
in civil aircrafts (Boeing 737), Keviar was used on Lockheed fleet 
(L-1011) both on the exterior and interior and over 350 kgs weight 
saving resulted. Added to the weight saving is a reduction in the 
necessary subcomponents for structures, it was reported that 72 
metal pieces on an aircraft door were replaced by just three compo-
site components. Hybrid materials are extensively used in military 
aircrafts. Graphite epoxy is used for more than 50% of the surface 
area of the McDonnell-Douglas F-18 Hornet and accounts for 10% 
of overall weight. Hybrid composites are used in the following mil-
itary equipment, AV8B, Learfan 2100, Sikorsky helicopters, in mis-
sile systems, rocket motors and many more [71]. 
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In the second stage metal matrix composites, ceramic matrix compo-
sites and new alloys were developed. These materials are not as 
widely used as the hybrid composites, they face the same problem 
as any new material coming on the market: the need for sufficient 
data as to their capabilities and performance in practice. Ceramic 
matrix composites have been developed to take advantage of the 
superior characteristics of the engineering ceramics, Table 3.2 shows 
some of the different systems used as CMCs. The introduction of 
CMCs has improved toughness and reliability, and thus should con-
tribute to increase the confidence of designers in ceramic materials. 
Examples of potential applications include: 
- Die forming (for extrusion and drawing) 
- Pump and valve components in aggressive environment 
- Ceramic armour 
- Heat engines 
- Nozzle orifices 
- High temperature components 
- Wear resistance barrel liners 
Some fields of applications in relation to the specific required pro-
perties are shown in Table 3.3 [21]. 
If compared with values of tensile srength, modulus of elasticity and 
fracture toughness of engineering ceramics, such as silicon carbide, 
silicon nitrate, alumina and zirconia (see Tables 3.2 and 6.1), it is 
clearly visible that although Young's modulus decreased, the frac-
ture toughness has improved. 
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Regarding metal matrix composites, various systems are used, some 
of which are shown below: 
Matrix 	Reinforcement 
Al 	B, SiC, Li, SS wire 
Ti 	B, SiC, Graphite, Mo wire 
Ni 	B, SiC, Graphite, Mo wire 
Cu 	B, Graphite 
Although the different materials are good candidates, aluminium has 
attracted attention as a matrix because of its low density, reasonable 
temperature capabilities, good mechanical properties and good corro-
sion resistance. In composite materials three types of reinforce-
ments are used, particulate, whiskers or continuous fibres, each with 
their advantages and disadvantages. 
Recent arrivals on the market are the particulate reinforced 
aluminium matrices, these include Al—SiC, Al—A1 20 3 and the light-
weight AI—Li alloys. Although development work on these materi-
als started in the late 70's, it is only in the last few years that pro-
duction and mass testing started. As a result these materials found 
applications in different industries, aerospace, automotive, sporting 






A predicted future usage of various materials into the 21 century is 
illustrated in fig.3.4. The trend is towards materials that combine 
different desirable properties, some of which are strength, low den-
sity and erosion and corrosion resistance. Metal matrix composites, 
ceramic matrix composites and lightweight alloys are the most likely 
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Fig 3.4. Predicted usage of advanced materials in jet engines 
into the 21st century. [ref 18] 
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1 - wire winding up bobbin 
2 - pinch roller 
3 - wire winding up roller 
4,11,12,13,14- pulley 
5 - disconnection detection 
6 - current feed plate 
7 - wire guide plate 
8 - workpiece 
9 - wire guide plate 
10- current feed plate 
disconnection detection 
wire feeding bobbin 
Fig 3.2 Wiring system of a wire EDM machine [ref 69] 
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Fig .3.3 Cross section of a super hybrid composite 
(only the upper half is shown) [ref 74] 
Graphite / Epoxy and Glass / Epoxy 
Graphite / Epoxy and Keviar / Epoxy 
Boron / Epoxy and Graphite / Epoxy 
Graphite / Epoxy and metal 
Boron / Epoxy and Keviar / Epoxy 
Boron / Epoxy and Glass / Epoxy 
Ceramic fibre / Epoxy and Keviar / Epoxy 
Keviar / Epoxy and Glass / Epoxy 
Table 3.1 Some examples of hybrid composite systems [ref 741 
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CMC system 	 UTS 	E 	 Kic 
(MPa) (GPa) (MN.rYt) 
Carbon fibre/borrosilicate glass 711 127 -- 
SiC fibre I borrosilicate glass 840 275 18.9 
SiC fibre I LAS glass ceramic 600 140 17 
Alumina fibre / glass ceramic 250 -- 7 
SiC (w) / alumina matrix 650 375 9.5 
SiC (w) / silicon nitrade matrix 900 -- 6.5 
Table 3.2 Examples of CMC systems with some 
of their properties [ref 21] 
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of PPI •_ .z 
O bO bO V 
Aerospace K x x x x 
Reciprocating engines X X A x x x Y. 
Precision instruments 
Precision machine tools 
Rocket engine components 
Seals and bearings 
Hydro / turbo machinery 
Table 3.3. Uses of ceramic matrix composites 





The lack of data on the machinability of composite materials by 
EDM necessitated an investigation into the response of some of 
these materials when processed by EDM. This chapter describes the 
series of tests conducted which are both common to all materials 
and those for specific materials. These are die sinking, hole drilling 
and the production of specimens for tensile strength tests. It details 
the experimental conditions and the results sought for each material. 
The apparatus used is briefly described. The detailed results will be 
found in the respective chapter. 
4.1- Workpiece material 
Three aluminium based composites (Al —SiC, Al—Li, Al—A'203) 
and six different ceramics (Alumina, Silicon carbide, Boron carbide, 
silicon nitride and Sialon) were used in this study. 
a) Aluminium Lithium alloy 
Samples of 8090 Al-Li alloy were procured from Alcan Aerospace, 
in the form of damage tolerant plate. Two different heat treatments 
were available, T35 1 and the artificially aged temper T85 1. The 
"W,.-M090-T35 1 was only used for hole drilling, thus a study of the effect 
f heat treatment on the different responses was not undertaken. 
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Aluminium reinforced with Silicon carbide 
This material was procured from British Alcan, at two different 
volumes of concentration (10 and 20% SiC). Both underwent the 
same heat treatment in the department; 
Aluminium reinforced with alumina 
This composite was also supplied by British Alcan. The material 
was 2014 aluminium reinforced with 10% alumina (Al—A1 20 3). 
Ceramics 
The ceramics were procured from different sources and were of the 
industrial type, alumina (A'203), silicon carbide (SiC), boron car-
bide (B 4C), silicon nitride (Si 3N 4) and syalon 501. 
4.2- Tool material 
Copper and copper-graphite were used as tool material. Copper tools 
were either solid blocks (die sinking and EDM turning) or tubular 
electrodes (hole drilling). Copper graphite was only used for die 
sinking and EDM turning. The tool dimensions are as shown in fig 
4.1, page 60. 
4.3- Machining fluids 
Both dielectric and electrolyte were used during the tests. The elec-
trolyte being used when attempting to machine the non-conductive 
ceramics. The solutions used were NaCl and NaOH. The conclu-
sions reached with these electrolyte solutions are in chapter 6. For 
the other tests paraffin (Somentor 31) was used as dielectric. The 
fluid pressure was kept at 12.5 psi (86.2 kN/m 2)which was the max-
imum available with the existing pump while an intermediary valve 
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was used for altering dielectric feed into the tool holder. The choice 
of dielectric (paraffin) stems from the fact that in the literature, 
paraffin was the most widely used dielectric. The use of exotic 
machining fluids is more appropriate for research purposes, ie a 
deeper understanding of the dielectric's effect. Thus for comparison 
purposes, the use of paraffin is more appropriate, since most of the 
work done in the EDM field used paraffin oils as machining liquid. 
The workpieces were totally immersed in the dielectric throughout 
the EDM process so as to avoid fuming, inadequate flushing and 
arcing. 
4.4- Machining parameters 
The controlled parameters used in these tests were pulse on-time 
(js), duty cycle (affected through the pulse off-time) and current. 
Some preliminary tests and a look at the literature showed that the 
erosion process is significantly affected by the dielectric's circula-
tion. The two parameters relating to the machining fluid circulation 
are flow rate and pressure. In the apparatus used the dielectric is 
pumped at a constant pressure of 12.5 psi (86.2 kNIm 2) and an 
intermediate valve can be used to control the fluid's entry in the tool 
holder. 
The differentiation between pressure and flow rate is necessary, 
especially with deep hole drilling. The pressure could be adequate in 
producing a satisfactory flow at the start of the cut, but it might be 
insufficient as the tool sinks into the cavity. Flow velocities in the 
gap should be sufficient to remove the debris and the heat generated 
during machining. The dielectric's circulation should be optimized, 
Peak current 10 A 
Gap voltage 00 V 
Duty cycle 86 % 






since too low or too high flow rates might result in lower material 
removal and higher tool wear. As an example, the effect of the 
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Fig.4.2 Effect of dielectric flow rate 
on its temperature during EDM [25]. 
Voltage, an important parameter in the EDM process was not a pre-
cisely controlled variable during this investigation, since the process 
is controlled internally, meaning that the efficiency of the process is 
maintained by stabilising the voltage at an appropriate value. 
The pulse on-time used ranged from 10 to 900 ts for the first tests 
while for the bulk of the tests the interval 10 to 250 ps was used 
since it was found that the optimum value lies within that range for 
the currents used. These ranged from 1A to 25A but for most tests 
currents from 2 to 10A were used.The duty cycle was varied by 
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currents from 2 to 10A were used.The duty cycle was varied by 
affecting the pulse off-time, 50%, 66%, 75% and 80% were used. 
The other factors investigated were tool material and tool polarity. 
Specific machining parameters and conditions for each test will be 
stated in their respective chapters and on the relevant graphs. 
4.5- Data acquisition 
The tests were either continued until the tool broke through the 
workpiece or stopped after a fixed machining time (between 2 and 
10 minutes ). After each operation some or all of the following 
quantities were recorded: 
Machining time in the case of thorough holes 
. Material removal from the workpiece 
• Material removed from the tool 
• Microhardness measurements 
• Surface roughness 
• Overcut 
• Taper 
A stopwatch was used to record machining time, the changes in 
weight were measured with a precision scales (± 0.1 mg). Lengths 
were measured by a caliper (vernier) with 0.02 mm resolution. The 
overcut and taper angle were both calculated using a measuring opti-
cal microscope, these are defined as follow: 
Overcut O (pm) = 500 (hole 0 - tool 0)' 	0 in mm 
Taper 0 (deg) =taif 1 [(entry 0 - exit 0)! 2 sample thickness] 
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To assess surface roughness the specimens were cleaned in alcohol 
(in a vibrating bath) so as to remove any particles that are loosely 
stuck to the surface and then air dried. A Talysurf 4 was used with 
a cut off of 0.3 mm. The problem arising when assessing surface 
finish resulting from a process such as EDM is the non existence of 
a reference or standard due to the complexity of the topography 
generated by EDM. It is known that the discharges are randomly 
distributed and that only a small part of the molten material is 
expelled at the end of the pulse while the rest resolidifies inside and 
around the crater [37], the combination of the two results in the 
complex topography. For this reason, none of the widely used indi-
cators (R a  Rq  R )? ,. . .)can represent totally and adequately the 
electro- discharge machined surface. It was reported in [36] that Ra  
gives the least variation on specimens machined under identical con-
ditions if compared to Rq or R.  Keeping this in mind Ra  was 
chosen as surface roughness indicator in this investigation, the 
values given for Ra  are the average of ten (10) readings. 
Microhardness assessment can be a good indicator of the sub-
surface damage resulting from the process. The very nature of the 
EDM process will lead to microstructural changes at and close to 
the machined surface of the workpiece. This can be compared to a 
localised and superficial heat treatment. To assess the changes in 
microhardness a Leitz Walter microhardness tester was used with 
loads of 50 and 100g. Depending on the material tested data scatter 
will differ. The least scatter is expected with the Al-Li alloy which 
has got a more homogeneous structure, while for the particulate 
reinforced materials (Al —SiC and Al—A'203) more readings were 
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needed to get a more representative hardness value. The hardening 
process is due to the formation of a damaged layer or heat affected 
zone caused by the combination of the high temperatures reached 
during machining and the quenching effect of the dielectric. 
4.6- Definition of terms 
Material Removal Rate (MRR) 
This is the difference in workpiece weight before and after machin-
ing and is given in mg/mm. 
Volumtric Material Removal Rate (VMMR) 
This is MRR divided by the specific mass of the workpiece and 
gives the volume of the machined area. 
VMMR = MRR / p, 	p specific mass (g/cm 3) 
Linear MRR or Penetration Rate (PR) 
This is used to indicate the speed of tool penetration into the work-
piece. For a depth of machining d (mm) and a machining time t 
(mm), the penetration rate or LMRR is given by 
LMRRorPR= d/t (mm/mm) 
Relative Tool Wear (RTW) 
This is the ratio between tool wear (mg) and material removed from 
the workpiece (mg) and is expressed as a percentage. 
Volumetric relative tool wear RTW V  
This is defined as the volume of tool wear { calculated as tool wear 
(mg) divided by the tool's specific mass (mg1mm 3)) divided by the 
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volume of material removed from the workpiece (VMMR) and is 
expressed as a percentage. 
The changes in the above quantities as a function of the machine 
variables, pulse on-time, duty cycle and current will be analysed for 
each material in their respective chapters. The machining operations 
performed were die sinking, hole drilling and turning. Not all these 
operations were performed on each material and this was due to the 
short supply of the materials. 
4.7- Machining operations 
4.7.1- Die sinking 
Cavity sinking was performed on all aluminium based composites. 
Rectangular cavities were produced using a copper tool. The tool 
shapes and dimensions are shown in fig.4.1. During this operation 
"side flushing" was used while the workpiece is completely 
immersed in the dielectric. The side flushing was assumed to be 
sufficient for this task as the cavities eroded were not deep (less 
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Fig.4.3 Side flushing 
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4.7.2- Hole drilling 
Holes were drilled in all successfully machined materials. Copper 
was used as tool material (tubes). The dielectric was flushed through 
the centre of the tool. Both through and blind holes were drilled. 
4.7.3- EDM Turning 
This operation was only performed on aluminium lithium alloy and 
the alumina reinforced aluminium (Al —Al 20 3) due to a shortage in 
the other test materials. For comparison purposes, 15 specimens 
were machined conventionally from each of the two materials 
according to British Standard BS18 (1987). To reduce machining 
time by EDM , the samples were pre-machined conventionally 
(turned) to dimensions allowing the EDM process to be assessed. It 
was found in the literature that the EDM surface effects penetrate 
the workpiece to less than 200 gm [75],  so by leaving 1 mm for 
EDM we can be sure that none of the effects of the process on the 
workpiece properties will be lost. 
To perform the EDM turning, a rotating rig was made, the speci-
mens were mounted at both ends and can be rotated at two different 
speeds (25 and 265 rev/mm). The 'knife-edged' tool was fed onto 
the rotating workpiece; this is similar to EDTexturing. The dielectric 
flushing was done by the side and with the specimens rotating in the 
machining fluid which itself is circulating, it was assumed to 
sufficient for all dielectric purposes. The diameter of the test speci-
mens were monitored by gauge. The set up for EDM turning is 
shown in fig.4.4. 
H 
L 
The specimens produced at various machining conditions, on-time, 
off-time and current were then tested on .a Lloyd M30K tensile test- 
ing machine operated by a portable computer using Lloyd's 
software. 	The output from the tests related to ultimate tensile 
strength, yield strength, elongation at fracture, their mean values and 
standard deviation. A sample output is shown in fig.4.5. 
Die sinking and 
EDM turning 




ID= 1.35 mm 
Tool dimensions are different for die sinking and turning: 
Die sinking: 
L=20mm W=lOmm 	H15mm 
EDM turning: 
W=2nun 	H=2Omin 
and the length was dependent on the machining mode; 
Roughing L = 25.06 mm Finishing L = 25.16 mm 
Fig 4.1 Tool shapes and dimensions 
Fig.4.4 Rig for producing tensile specimens 
CPO.2 CUTS £ m C B A LB diameter 
N/mmt N/mmL % N/mmt mm mm 
Sample 1 412.9 491.3 11.70 484.3 2.950 5.040 
Sample 2 420.4 495.8 12.08 492.6 3.044 5.040 
Sample 3 417.5 494.1 11.93 462.8 3.007 5.040 
Sample 4 415.8 494.3 12.56 487.2 3.167 5.040 
Sample 5 416.2 492.8 12.04 483.1 3.036 5.050 
Mean 416.5 493.7 12.06 482.0 3.041 5.042 
Standard 2.7 1.7 0.28 11.4 0.079 0.004 deviation 
Test speed :6.00 mm / mm 
Gauge length :25.2 mm 
Load cell 30 kN 
BS Class : 0.5 
Internal extension measuremenrt 




Aluminium based Advanced materials 
5.1 Introduction 
Metal matrix composites ( MMCs), once considered to have limited 
uses because of high cost and manufacturing difficulties, now appear 
to have succeeded in overcoming them. 
Processes have been developed to produce cost competitive com-
mercial MMCs. Many materials are used as matrices in their pro-
duction, these include Nickel, Titanium, Copper and Aluminium; the 
latter is by far the most widely used due to its combination of 
attractive properties, such as low density, relatively high strength 
and good corrosion resistance. The reinforcing materials can be 
either metals or ceramics, these include stainless steel, titanium, 
Molybdenum, silicon carbide, alumina. 
There are three types of reinforcements, continuous fibres, whiskers 
or short fibres and particulates. 
Particulate reinforcements 
Various systems have been in use for few years already, these 
include tungsten carbide in cobalt for tool tips, cermets in the elec-
tronic industry for tracks of variable resistors. Silicon carbide and 
alumina are also incorporated in aluminium matrices at low volume 
fraction (less than 40%) for use as MMCs [76]. 
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Whisker reinforcement 
Whiskers or short fibres are also used as reinforcement, they 
represent the middle zone between particulate and continuous fibres. 
They are grown under controlled conditions leading to high purity 
single crystals. Their tensile strength is far above those of high 
volume reinforcement. The whiskers are usually 2D and random in 
orientation, although aligned structures are possible. These can be 
precisely located for a selective reinforcement within the die. Some 
of the materials used as whisker reinforcement are A1 20 3 , A1N, gra-
phite, SiC and Si 3N 4 . 
Continuous fibre reinforcement 
These are more widely used and have been on the market for 
longer. A wide range of fibres currently used include high modulus 
graphite, alumina (semi-continuous - 50 Cm), silicon carbide, boron 
and others. Different production processes for continuous fibre rein-
forced metals have been developed in the last few years, including 
diffusion bonding, liquid metal infiltration, hot pressing, electro-
chemical plating, hot rolling and explosive welding. 
In this investigation we are interested in particulate reinforced metal 
matrix composites, and especially aluminium matrix reinforced with 
ceramics. 
5.2 Ceramic particulate reinforced Aluminium 
The production of these materials started recently with the develop-
ment of new processes or the adaptation of older ones. Some of 
these are: 
- Powder metallurgy 
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- Co-Spraying 
- In-situ microfusion 
- Molten metal mixing 
These new processes opened up a new market for large scale use of 
MMCs. Inexpensive ceramic particulates are mixed with the 
aluminium resulting in a highly uniform distribution. This will drive 
the costs down and will be close to that of high strength aluminium 
alloys. 
These ceramic reinforced aluminium composites exhibit outstanding 
properties, a combination of a metal's ductility and strength and 
wear and temperature resistance of a ceramic. 
Particulate reinforcement results in substantial improvements in pro-
perties, although not as significant as those obtained with continuous 
fibre reinforcements. But when set against cost and versatility they 
will be preferable for various applications. The advantages of parti-
culate reinforcement is that near net shapes can be produced and 
selective use of reinforcement (localised) is possible thus reducing 
the overall cost but without the disadvantages associated with con-
tinuous fibres which are high cost and difficulty in processing. 
The improvements resulting from particulate reinforcement are 
increased stiffness, up to 50% increase in elastic modulus over the 
unreinforced aluminium alloy, increased strength, up to 20% for the 
6000 series alloys and greater for the lower strength alloys [77]. A 
noticeable improvement in temperature behaviour occurs, they can 
be used at temperatures up to 300 C, while the lower coefficient of 
W. 
thermal expansion makes its use in mixed systems at elevated tem- 
peratures 	possible. 	This 	is possible clue to tne aecrease 	we 
differential expansion of the composite and the other metals in the 
system. 
The coefficient of thermal expansion can be tailored to specific 
requirements by controlling the reinforcing material's volume con- 
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Fig.5.1 Dependence of thermal coefficient 
of expansion (TCE) on % SiC content. [ref 78] 
Wear resistance is also improved by the use of the ceramic rein- 
forcement, 	thus eliminating 	costly surface coatings 	applied 	to 
aluminium for that purpose. 
Advanced materials, including metal matrix composites are being 
produced in different shapes and with various concentrations of rein-
forcing elements, but machining is still necessary for the manufac-
ture of the final component. Research into MMCs has established 
that they are difficult to machine [9-11], this was also observed in 
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our workshop during the manufacture of simple test specimens for 
mechanical testing. For example, ceramics (SiC and A120 3) are 
relatively cheap and useful reinforcing agents in matrix composites, 
they are known for their hardness and abrasive properties. Even 
advanced composites that do not contain hard and abrasive phases, 
such as silicon carbide and alumina, and that can be machined, tool 
wear is severe and tool life is relatively short. 
Although particulate reinforced composites are easier to machine 
than those reinforced with continuous fibres, they still present 
machining difficulties. Hardened steel tooling is not suitable, either 
tungsten carbide (WC) or polycrystalline diamond (PCD) tools have 
to be used [11]. PCD being the only available choice when a good 
finish is required for high concentration reinforcement. PCD tools 
offer the advantage of a clean cut without burnishing the workpiece, 
it was also found that the aluminium matrix tend to stick to carbide 
tools but not to PCD tools [10]. It was found that the wear rate of 
tools harder than the reinforcing ceramic was inversely proportional 
to their hardness, and PCD was the only material to provide a rela-
tively useful tool life (see fig.5.2). PCD tooling provide longer tool 
lives 2-200 times than carbide tools and cause less sub-surface dam-
age [10]. But taking the cost of diamond tooling into consideration, 
a better (and cheaper) machining method must be found, if not for 
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Fig.5.2. Tool wear as a function of the tool's hardness 
relative to the workpiece hardness[ref 91. 
The higher the tool hardness relative to the workpiece's 
hardness the lower the tool wear. 
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Due to their improved properties, MMCs are being or will be used 
in various applications and their potential is promising as the search 
for materials that fulfill the highest requirements continues. A 
detailed knowledge and an understanding of their behaviour is 
required if they are to be implemented for specific applications, 
since MMCs may well exhibit oustanding properties but they are 
likely to require a novel design and be less tolerant to misuse. 
5.2.1 Applications 
MMCs are already being used in the automotive industry, leisure 
goods and further applications are being evaluated in many indus-
tries, some of which include applications in the aerospace and elec-
tronic industries. 
5.2.1.1 Automotive components 
The properties obtainable with MMCs are considered as a mean of 
producing more competitive products leading to a lighter, quieter 
and more fuel efficient engines. There are various components that 
can benefit from the use of MMCs, these include connecting rods, 
pistons, piston rings, cylinder liners and part of the valve train. The 
use of MMCs for pistons will reduce wear and the increased high 
temperature properties will increase piston life. Its use in cylinder 
liners will eliminate the use of the expensive Nickel/SiC coating for 
enhancing wear resistance, while its use for conrods will result in 
improved engine efficiency. The conrods are currently made of steel, 
a reduction in mass here can result in weight savings in other com-
ponents such as the crankshaft, bearings and the reduction of 
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counterbalance weights needed for noise and vibration reduction. A 
number of other components have been produced from a range of 
MMCs for racing cars, some of which are clutch plates, brake discs 
and turbo compressor vanes [73,76-78]. 
5.2.1.2 Aerospace applications 
Compared to the automotive industry, in the aerospace industry 
weight savings are of major importance. The cost of 275 per kg 
was quoted as being acceptable by Lockheed for each kg of weight 
saved over conventional materials, while the add on values within 
the automotive industry are limited to about 11 per kg. The com-
ponents that are likely to benefit in the first instance are landing gear 
whish represents dead weight while the aircraft is in flight, landing 
skids for helicopters, compressor casings, speed brakes and 
hydraulic components [72,73,76-78]. 
5.2.1.3 Leisure and sport's equipement 
Metal matrix composites' use in sport and leisure equipment will be 
restricted to the competitive high performance field for the present. 
The obvious possibilities are tennis, golf and cycling. 
A higher stiffness and lower density will improve the design of 
these sporting equipment. These can include: rackets(tennis, squash, 
badminton), golf clubs, hockey sticks, bats (baseball, cricket?), 
vaulting poles, arrow shafts, bicycle frames and fishing rods [76-78]. 
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5.2.1.4 Electronic components 
The heat generated in integrated circuits becomes a problem as these 
become larger and densely packed. The heat can reach many W 1cm 2 
thus leading to possible failure if not dissipated. The most widely 
used method is brazing Molybdenum heat sink to the silicon sub-
strate which dissipates the heat, but the small mismatch in 
coefficient of thermal expansion will lead to thermal fatigue failure. 
The use of MMCs with a desired coefficient of thermal expansion 
(exact match) is reported in Japan [76]. The thermal coefficient of 
expansion can be engineered to the desired value by controlling the 
volume fraction of the reinforcing material, see figure 5.1. Another 
area of MMCs use is in radar antennae [76] where high stiffness 
and strength coupled with low coefficient of thermal expansion are 
desired properties. The performance of the antennae depends on low 
inertia and structure rigidity. The reduction in weight is of particular 
importance when used on mobile platforms such as ships. 
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5.2.2 Al —SiC Experiments and Results 
In this metal matrix composite high strength, stiffness and wear 
resistance of ceramics are combined with the formability and tough-
ness of a metal and so creating a material with superior mechanical 
properties and thermal properties that can be tailor made. Compared 
to some other materials, the metal matrix investigated in this project, 
Dural Al-SiC, gives a 25-60% increase in specific stiffness and its 
specific strength is about 5-25% higher [78]. The following table 
shows the typical property values of one of the Al-SiC composites: 
Matrix 	SiC 0.2% PS 	E 	e 
	
material (%) 	(MPa) (MPa) (%) 
Al 2014 	0 	413 	73 	13 
10 449 82.7 2.5 
20 	471 	106 	2.5 
Table 5.1. Some properties of Dural Al-SiC 
A comparison between Al-SiC and some other materials is illus-
trated in terms of price and strength to weight ratio as shown in fig 
5.3. 
Two samples were procured from British Alcan with two different 
SiC concentrations and were subjected to the same heat treatment in 
the department, 505 ± 5 °C for 16 hours and then quenched in 
water. 















the effect of current, pulse duration, duty cycle, tool polarity on 
material removal rate, tool wear, surface roughness and microhard-
ness were observed. Both solid copper blocks and tubular electrodes - 
were used as tool material and the dielectric was paraffin. 
0 	3 	6 	9 	U 	15 
Strength to weight ratio 
Fig.5.3 Al-SiC compares well with various advanced materials [ref 78] 
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the effect of current, pulse duration, duty cycle, tool polarity on 
material removal rate, tool wear, surface roughness and microhard-
ness were observed. Both solid copper blocks and tubular electrodes 
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Fig.5.3 Al-SiC compares well with various advanced materials [ref 781 
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Effect of current 
Since current is the predominant component in the pulse energy 
equation, all the measured variables (MRR, RTW, Ra  and 
microhardness) are expected to be proportional to the peak current. 
It can be seen in most of the graphs that all the variables listed 
above are increasing with an increase in current, this can be seen 
respectively in figures 5.5, 5.6, 5.7 and fig.5.8. 
Material removal rate, tool wear and surface roughness are all 
directly linked to the microscopic craters created by the discharges. 
The craters volume is known to be proportional to the pulse energy. 
Fig.5.5 illustrates the effect of peak current on MRR, two regions 
could be seen according to the gradient. In the lower region (pro-
portional zone), the gradient is approximately 25 mg/min.A, while 
for higher currents the gradient value decreases to about 5 
mg/min.A. This could be formulated as the maximum current den-
sity possible during machining. In this case the maximum value 
reached is 8.5 A/cm 2 , calculated without taking into account the 
lateral machining. The effect of current on RTW can be assessed 
through fig.5.6. 
The relationship between peak current and surface roughness is 
shown in fig.5.7 and seems to follow an equation of the form 
Ra  = 3.04 C0519 
	[5.1 1 
At higher currents Ra  tends to reach a plateau (asymptotic), max- 
imum Ra  value, at which point two trends are possible, first getting 
indefinitely closer to that maximum or second surface roughness 
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will decrease with higher current. The first hypothesis is more prob-
able. The changes in microhardness, which exist under all cir-
cumstances, do increase according to the discharge intensity, as 
shown in fig.5.8. This effect was present in both die sinking and 
hole drilling. The gradient of change due to peak current was found 
to be on average 5 H1, IA. The effect of peak current on overcut and 
taper can be assessed from fig.5.12 and fig.5.13 respectively. The 
resulting gradients attributed to peak current were as follow; 
Occurrent = 5 - 10 pm/A [0.04 - 0.13 p.m/A.p.s]. 
8current = 2.6 10 °/A.p.s. 
This shows that overcut is affected in different degrees by peak 
current and pulse on-time, peak current has a stronger effect than 
on-time has, while on average taper angle is affected in the same 
degree by both parameters. 
Effect of pulse on-time 
The pulse on-time is of great importance during EDM, all the tests 
showed the existence of an optimum value for pulse on-time at 
which material removal rate is at its maximum. For this composite 
the optimum value was found to be between 150 and 200 ps 
depending on the current for die sinking, while a smaller pulse on-
time (40-80 ps) was found to be optimal for hole drilling, this can 
be seen in fig.5.9. 
It was stated that some discharges are 'lost' during machining (par- 
tial process efficiency) since their energy is not sufficient to melt the 
workpiece let alone expel the molten material [24]. With this 
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assumption there would be three classes of discharges, (1) 
discharges transferring their energy as low heat, (2) discharges with 
enough energy to melt the workpiece material but not expel it, these 
are critical pulses and (3) the succesful discharge capable of melt-
ing, vaporising the material and expelling it from the molten pool. 
It was reported that by careful choice of tool material and pulse 
duration the differential in material removed from the tool and 
workpiece can be maximised, thus minimising tool wear [24,79]. 
The effect of pulse on-time on tool wear would be similar to 
material removal from the workpiece except for the tool polarity 
effect and tool material properties (especially thermal). 
This investigation showed that tool wear decreases with increasing 
pulse duration (flg.5.6). 
The effect of pulse duration on surface roughness is illustrated in 
fig.5.10. A maximum value is also present for higher currents 
which roughly corresponds to the maximum material removal rate. 
Above that region roughness values decreases. A simplistic explana-
tion could be that discharges with longer pulse durations will be of 
the type (1) or (2) mentioned above and thus having a smoothing 
effect on the surface. A rougher surface can result from an efficient 
discharge, some of the material will be frozen and still be attached 
to the workpiece while being expelled and the remaining will be 
flushed away by the dielectric, since almost 90% of the molten 
material remains at the electrode surface [80]. 
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Short pulse durations 
	 Long pulse durations 
(sharp edges) 
	 (rounded edges) 
Fig.5.4 Probable effect of pulse duration 
on surface appearance. 
Regarding microharchiess changes, they are less marked than those 
attributable to the effect of current. As shown in fig.5. 11, the 
increase in microhardness is very slight and gradual, exhibiting on 
average a gradient of 0.3 Hv/ps, which is much smaller than the 
gradient attributed to the current. 
Figures 5.12 and 5.13 show the effect attributable to pulse on-time 
for overcut and taper respectively. The average resulting gradients 
were found to be 
000n_time = 0.03 - 0.04 p.m/p.s.A 
°on—time = 2.6 10 °/ps.A 
Effect of duty cycle 
The duty cycle being defined as pulse on-time over total pulse dura- 
tion, it would be beneficial for it to be as near unity as possible, 
thus reducing the off-time to the smallest value permissible to 
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maintain a stable machining. The role of the pulse off-time within 
the pulse duration is to allow enough time for the dielectric in the 
electrode gap to de-ionise for the randomness of the discharges to 
continue, thus avoiding arcing which damages both tool and work-
piece [81]. The optimum duty cycle will depend on the type of 
dielectric used, its circulation and the discharge energy, and it is not 
expected to be affected by the workpiece material type as long as it 
is a relatively good conductor. 
In these tests, as shown in fig. -5.14, it was found that the higher duty 
cycles resulted in better material removal rates. The increase in 
material removal rate attributed to the duty cycle is clearly visible in 
the optimum pulse on-time region, in this case 140-160 ps. The 
highest duty cycle used with no adverse effects on removal rates 
was 80%, any higher cycles resulted in arcing and unstable machin-
ing. 
Effect of tool polarity 
The effect of tool polarity on removal rate can be seen clearly in 
fig.5.15. A positive tool increased removal rate by about 37%. That 
is an advantage, but the increase in removal rate will be accom-
panied by an increase in surface roughness values. As shown in 
fig.5.16 negative tool polarity results in a better surface finish 
irrespective of peak current or pulse on-time. 
On average the effect of pulse on-time on Ra  is constant with a gra- 
dient of 0.015 tim/p.s for. both polarities, while the effect of peak 
current is dependent on tool polarity and the average values of the 
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gradient are as follow: 
Ra  tool(+) = 0.6 p.m/A 
R tool(_) = 0.2 p.m/A 
This shows that if higher currents are used a negative tool polarity 
will generate a better surface finish, while if a positive tool was 
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Fig.5.9 Optimal pulse on—time values for 
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5.2.3 Al —Al 203  experiments and results 
The same properties and attributes reported for Al —SiC are still 
valid for this metal matrix composite. The material used in these 
tests has a density of 2.92 g/cm 3 and proved even more difficult to 
machine by conventional means. The tables below illustrate some 
mechanical properties and its wear resistance. 
Matrix 	A1 20 3 0.2% PS TS E 
(%) (MPa) (MPa) (MPa) 
6061-T6 	0 276 310 69 
10 298 340 82 
20 356 382 99 
Table 5.2. Mechanical properties of some 
alumina reinforced aluminium alloys (ref [77]). 
Material 	Wear rate 
(10 mmhr 1 ) 
6061 
6061-10% A1 20 3 
6061-20% A1 20 3 
2014 
2014-10% A1 20 3 







Table 5.3. Wear characteristics of some 
alumina reinforced aluminium alloys (ref [771). 
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The metal matrix used in this study aluminium reinforced with 10% 
alumina (2014 - 10% A120 3)  was procured from British Alcan in 
rod shapes. The tests carried out on this material were hole drilling 
and turning to produce specimens fortensile testing. For the produc-
tion of the latter, conventionally pre-machined specimens were used 
so as to reduce machining time by EDM. The rotating rig made for 
this purpose is presented in chapter 4. The effect of machining 
parameters on removal rate, tool wear, roughness, overcut, taper, 
microhardess and tensile strength were observed. 
Effect of current 
The effect of current was just as expected, an increase in current, 
thus in pulse energy, led to a higher removal rate, this can be seen 
in fig.5. 17. The relative tool wear shows a similar pattern but not as 
marked as for removal rate. The effect of current on tool wear was 
more pronounced at low pulse durations (up to 80 jis), while for 
longer pulse durations the effect was almost negligible, and tool 
wear values dropped to below 1%, this is illustrated in fig.5.18. 
From fig.5.19 it can be seen that surface roughness values increased 
with an increase in current. This can be explained as mentioned ear-
her by the fact that surface roughness is related to the craters which 
themselves are proportional to the pulse energy, thus current.The 
surface roughness parameter chosen was Ra  as stated in chapter 4. 
The microhardness changes observed were linked to the pulse 
energy, as shown in fig.5.20. The higher the pulse energy (based on 
pulse on-time increase in this graph), the larger the amount of heat 
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to be absorbed both by the workpiece and the dielectric. By assum-
ing the dielectric flow to remain constant for the different tests, the 
excess heat has to be absorbed by the workpiece and expelling the 
molten material and the rest will be absorbed into the bulk of the 
material, with the surface and near the surface layers being the first 
to be affected. For the overcut, which is a measure of the machining 
gap, it was found to be dependent on both current and pulse on-
time, with the current's influence being stronger and it ranges from 
100 to 200 pm (see fig.5.21). Taper variation caused by an increase 
in current are shown in fig.5.22. 
Effect of pulse on-time 
This effect can be seen in almost all the graphs. Material removal 
rate increases to a maximum value and then gradually decreases. 
The existence of an optimum value for the pulse on-time during the 
EDM process was discussed in section 5.2.1.4 
Material removal rate varied rapidly within the optimum region 
(high gradient of change) while outside that region the variation was 
slow. The optimum value for the pulse on-time moved upwards (to 
higher values) when the machining current increased (see fig.5. 17). 
The relative tool wear (RTW) decreased with increasing pulse on-
time, and the same pattern as for material removal was observed, an 
abrupt decrease within the area of optimal values and gradual and 
slow outside it, this can be seen in fig.5.18. The low tool wear 
observed at long pulse durations can be explained by the energy dis-
tribution at the two electrodes. The ratio P,, IPc  (power at the anode 
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over power at the cathode) decreases at long pulses. Material remo-
val at both electrodes is a function of power density, which itself is 
a function of the discharge energy and the plasma channel diameter. 
And since the plasma channel expands as the pulse duration 
increases, it leads to a low material removal rate at the anode, which 
is the tool wear. The relative tool wear drops below 1% outside the 
optimum region while within it, its value is around 4%. 
The effect on roughness is illustrated in fig.5.19. Although both 
current and pulse on-time have similar effects, that is an increase in 
one will result in a higher surface roughness value, current causes a 
higher gradient. 
Geometrical accuracy can be assessed through overcut as shown in 
fig.5.21. An increase in pulse on-time leads to a larger overcut with 
a gradient of 0.6 J.Lm/J.Ls, but this is less dramatic than the resulting 
gradient from an increases in current (5 .tm/A). Taper angle 
(fig.5.22) exhibited a similar pattern with a small gradient of 0.25 
1 O 30/ps.A. 
Microhardness measurements required more readings for a particu-
late composite than for a homogeneous alloy. The presence of hard 
particles of alumina, whose hardness is H = 2200, makes the read-
ing scattered. In order to get a representative value, 10 readings 
were taken and averaged. The microhardness decreases with 
increasing distance from the machined area as shown in fig.5.23. 
The effect of pulse on-time is clearly illustrated in fig.5.20, the 
strongest effect is observed close to the EDMed surface, where a 
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maximum gradient of 0.97 H/s  was found while the minimum 
will be further away from the machined edge; the lowest values 
measured gave the minimum gradient of 0.23 H, 4xs. The hardening 
process was more pronounced near the machined area,this is due to 
the formation of a damaged layer or heat affected zone caused by 
the combined action of the high temperatures reached during pulse 
on-time and the quenching effect of the dielectric. 
Effect of duty cycle 
As mentioned earlier, ideally the duty cycle would be 100% but a 
discharge interval time is necessary for stable machining, this inter-
val will depend on the dielectric properties and circulation in the 
machining gap. In our investigation all parameters being as constant 
as possible, the duty cycle was assessed through its effect on 
material removal rate. Fig.5.24 shows that at low pulse durations, 
the higher the duty cycle the better is removal rate, although an 80% 
duty cycle was the highest permissible for good machining; while 
for longer pulse durations no major distinction in the three high 
cycles could be made. 
Effect of tool polarity 
Higher material removal rates are achieved when using tools with a 
positive polarity as shown in fig.5.25, when a 28% improvement 
was achieved. The improvement in MRR will inevitably result in a 
poorer surface finish. Fig.5.26 illustrates the decrease in surface 
roughness values when using a negative tool polarity, a reduction of 
16 to 20% in Ra  value was achieved. 
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Effect on tensile properties 
To assess the effect of EDM on tensile properties, standard size 
cylindrical tensile specimens were produced both by conventional 
turning and by EDM. The mean value of 15 tests for tensile strength 
and elongation obtained with the conventionally turned specimens 
were: 
TS(MPa) = 492 ± 4 
e (%) = 6.3 ± 0.4 
The machining parameters varied during EDM turning were current, 
pulse on- time and the speed of rotation of the specimens work-
pieces. The specimens produced by EDM showed a slight decrease 
in tensile strength, while the elongation did not show any significant 
variation. Only the current had a significant effect on tensile 
strength, as seen in fig.5.27 the gradients attributed to peak current 
and pulse on-time are: 
TS current = 16 MPa/A 
TS0n_time = 0.22 MPa/A 
The reduction in tensile strength is probably due to the formation of 
a damaged layer which is stressed and cracked. It was stated that the 
thermal contractions generated by the steep temperature changes will 
cause the workpiece to be stressed after machining [39-41,82]. Ten-
sile stresses occur near the surface, where the maximum residual 
tensile stress is to be found, while compressive stresses are located 
within the bulk of the material. In addition the presence of a very 
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hard 'white layer', will increases the superficial brittleness of the 
EDMed specimens, which combined with cracks [83] (which are 
present in almost all specimens machined by EDM), will facilitate 
crack propagation and can explain the reduction in tensile strength. 
Photographs 5.2.1 and 5.2.2 show respectively a fractured specimen 
and a high magnification view of the fracture mode. This is a brittle 
fracture and the reinforcing alumina particles can be seen. 
Photograph. 5.2.1 Fracture view of a tensile specimen 
(Al—A1 20 3 , 12X) 
1L9 	 ,is'q 
OW ' :. 
*p t 
Photograph. 5.2.2 A high magnification view of the fracture 
surface revealing the reinforcing alumina particles 
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5.3 Aluminium Lithium alloy 
5.3.1 Introduction 
Aluminium is ever present in most industries and is a particularly 
attractive material in aircraft industry due to its combination of light 
weight and other properties (strength, ductility, corrosion resistance 
and low cost). But in order to compete it has to overcome the chal-
lenge posed by other materials offering potential weight saving thus 
improving economy. 
The aluminium industry has countered this challenge by developing 
a number of advanced materials (aluminium based), such as rapidly 
solidified aluminium alloys, metal matrix composites(with an 
aluminium matrix) and aluminium lithium alloys. 
The idea of adding lithium to the aluminium matrix can be traced to 
the early parts of this century, when there have been several 
attempts to commercialise aluminium lithium alloys. 
1n1924, the first lithium containing aluminium alloy was developed 
in Germany by a firm known as Metallgesellschaft [1]. This alloy, 
named scleron, contained 0.1% Li, which is believed to be present 
only by chance, for patent reason. But it was not succesful, both 
because it had to compete against Duralumin, the ancestor of the 
now popular high strength alloy Al 2024 and due to property 
deficiencies. 
The situation persisted until 1958, when the first deliberate incor- 
poration of lithium in an aluminium alloy was undertaken by Alcoa 
(USA) [1-5]. This alloy, US2020, had a nominal composition of 
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1.4% Li -4% Cu -0.5% Mn -0.2% Cd. The cadmium was added to 
increase the strength by its effect on nucleating the the hardening 
phase. The Al 2020-T6 had a strength equal to that of 7075-T6 and 
with a lower density and a higher modulus of elasticity. Although it 
had the lowest fracture toughness of all commercial alloys it was 
used for more than 15 years on the lower and upper wing skins and 
as tail stabiliser on the US military aircraft RC 5A Vigilante. It was 
eventually withdrawn for not fulfilling the requirement for damage 
tolerance introduced in the 1970s, giving way to high strength alloy 
like 2024 and 7045 [1 ]. 
Another attempt was made in the USSR in the 1960s, when the 
VAD 23 (1.1% Li - 5.3% Cu - 0.6% Mn - 0.17% Cd) was intro-
duced and shortly afterwards the 01420 containing both lithium and 
magnesium was developed [4]. Although it was used in military air-
craft, it was found to be inadequate due to production difficulties 
and property deficiencies. 
In the meantime the quest for improved performence (especially in 
the aircraft industry) through the incorporation of lighter materials 
resulted in a widespread use of matrix fibre composites and this at 
the expense of aluminium [4]. To counter this threat aluminium 
companies put considerable effort in developing lighter and stronger 
aluminium based alloys. Metal matrix composites and aluminium 
lithium alloys are some of the products of that development pro-
gram. 
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The development of the range of aluminium lithium alloys was trig-
gered by an interest in the Russian alloy (01420), which contained 
both magnesium and lithium. In the UK work began at the Royal 
Aircraft Establishement (RAE) for the development of such an alloy 
without the difficulties associated with the Russian 01420. Those 
consisted in difficulties in casting by direct chill, common breakout 
of molten material, cracked ingots, poor surface quality and there 
was concern over the safety of the casting operation. These prob-
lems were confirmed by different research groups [1,2]. The work 
went forward and these problems were overcome leading to a range 
of aluminium lithium alloys being developed in different parts of the 
world (UK, USA and France). 
Essentially three companies are setting the pace, these are Alcan 
(UK), Alcoa (USA) and Pechiney (France). They developed all the 
alloys registered so far and are still developing the next generation 
of aluminium lithium alloys. 
Table 5.4 shows the alloys developed along with their designation, 
chemical composition range and producing company. Depending on 
which alloying element predominates, the alloys are designated by 
2X9X, Al-Cu-Li-Mg-Zr (Cu predominates) or 8X9X, Al-Li-Cu-Mg-
Zr (Li predominates). 
Table 5.5 shows some Al-Li alloys, their density, some of their 
mechanical properties and the conventionnal alloys they are intended 
to replace. 
The core of the development program was the optimisation of the 
relationship between strength, fracture toughness and fatigue resis- 
tance whilst retaining the desired reduction in density which is 
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coincidentally accompanied by a similar increase in elastic modulus. 
These alloys (Al-Li) represent a promising development in advanced 
aluminium technology. With lithium, the lightest of metals (0.53 
g 1cm 3) ,  each 1% of lithium added to aluminium reduces its density 
by about 3% and increases its modulus of elasticity by 5%. Thus the 
addition of 2.5% lithium to aluminium (which is the average amount 
used in most Al-Li alloys), would reduce weight in an aircraft con-
ventionally designed by 8-10% and with new designs taking advan-
tage of the alloys' increased stiffness could lead to weight reduc-
tions of up to 15%. 
It is known that in all the alloys, alloying elements other than 
lithium are present, this is due to the fact that the binary system 
aluminium lithium was found to be impractical for mass production 
of commercial alloys, since the hardening phase ö 'A' Ai result in 
low ductility and fracture toughness [6].  The incorporation of other 
alloying elements (Cu, Mg, Zn.) affect significantly the properties. 
For example the presence of Zirconium gives an optimum grain 
refinement, acts as a recrystalisation inhibitor and is responsible for 
the characteristic "irregular flat" shaped grains [6].  Fig.5.28 illus-
trates the influence of different alloying elements of binary 
aluminium alloy system on density and the effect on stifness is illus-
trated in fig.5.29. It can be seen that lithium has the advantage on 
both counts. 
Target values were prescribed for density and strength level, a den 
sity reduction of 10% was targeted based on the density of the 2000 
and 7000 series alloys ( a target of 2.52 g 1cm 3 as opposed to 2.8 
g 1cm 3 for the control alloys) while the strength is to be kept at the 
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similar level as the conventional alloys. Simultaneously an increase 
in stiffness of 10% compared to the 2000 series alloys or 15% in 
comparison to the 7000 series alloys was assumed feasible [2]. 
These targets were found to be achievable and the densities from the 
experimental values were in excellent agreement with the theoretical 
density values derived from the formula by Peel & al (±0.Olg / cm 3) 
as reported in [6],  where atomic symbols represent the concentration 
of that element in weight percentage: 
p = 2.71 + 0.024 Cu + 0.018 Zr + 0.022 Mn 
- 0.079 Li - 0.010 Mg - 0.004 Si 	[g1cm 3 ] 
Various studies conducted on aerospace vehicles showed that among 
the material's properties density is the most important for achieving 
weight reduction [1,4,5]. Density is three to five times more 
effective in weight reduction when compared with strength, stiffness 
or toughness; this is illustrated in fig.5.30. 
In contrast to the advantages mentioned earlier, there are some 
drawbacks, firstly the brittleness and lack of toughness of Al-Li 
alloys when compared to conventional high strength Al alloys, 
although this is being remedied to by concentrating on improving 
fracture properties. Secondly there is the price which is much 
higher than for the materials they are intended to replace, but this 
will probably fall as the processes improve and demand increases. 
Thirdly, higher safety requirements are to be in use because of the 
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Although the first alloys to be developed became obsolete, they 
were used on a limited basis. The Russian Al-Mg-Li alloy (01420) 
was used in the Mig 25 Foxbat, first disclosed in the 1960s and the 
US2020 Al-Cu-Li-Mn alloy was used in the US Navy RC-5A Vigi-
lante. As mentioned earlier, although they were light, they were 
lacking strength to be widely substituted for conventional aluminium 
alloys in aircrafts. 
Present aluminium lithium alloys are far more competitive than their 
ancestors. Although their applications are mainly in the aerospace 
industry (due to cost for the present time), they could be used in a 
wide range of industries in the future. 
They are used as components in the aircraft industry, such as air 
intake duct for Mirage 2000, and are potential candidates for major 
applications (structural) for the Augusta Westland EH101 helicopter, 
Sea King helicopter and the European Fighter Aircraft (EFA) [6,87] 
whose future is uncertain at present due to the withdrawal of the 
Germans. Fig.5.31 illustrates the proposed use of materials in the 
EFA. 
The high strength 2090-T8E41 aluminium lithium exhibits 45% 
increase in strength, 12% in elastic modulus and 90% in fracture 
toughness when cooled from room temperature to 4 °K [2]. 
A dramatic improvement of the strength toughness combination 
takes place with a decreasing temperature. 
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In such circumstances the material is far more superior to any 
aluminium alloy currently in use. This makes it a prime choice for 
low temperatures applications (cryogenic applications). Aluminium 
lithium alloys are considered for use in the liquid oxygen fuel tanks 







Fig.5.31. Proposed usage of materials in the European 
Fighter Aircraft (EFA) [ref 721 
108 
5.3.3 Al—Li Experiments and Results 
A damage tolerant Al-Li alloy (plate form) was used in these exper-
iments. Hole drilling, cavity sinking and EDM turning were per -
formed and the effect of different factors were observed. As men-
tioned in chapter 4, almost all tests were performed on the 8090-
T85 1 alloy, thus a comparative study of the responses in relation to 
heat treatment was not carried out. 
The responses measured in these tests were material removal, tool 
wear, surface finish, machining accuracy, microhardness, elongation 
and tensile strength. The controlled factors were current, pulse on-
time duty cycle, tool material and tool polarity. The effect of these 
different machining parameters on each of the responses is discussed 
in the following sections. 
Effect on material removal rate 
The variations in material removal rate attributed to a change in 
current is illustrated in most graphs. It shows that MRR increases 
with increasing current. MRR value was low for current below 2A, 
this could be explained by he formation of an oxide layer whose 
resistance is overcome with the increasing current. The relationship 
between MRR and peak current at a fixed pulse on-time (155 j.is) 
was found to follow the equation: 
MRR = 0.48 C 254 [5.2] 
This was the expected behaviour since material removal is found to 
be proportional to the pulse energy, which itself is heavily depen-
dent on pulse current. This is shown in flg.5.32. Results obtained in 
relation to the pulse on-time were similar to those found with other 
materials. The existence of an optimal value was observed as seen 
in fig.5.33, 34 and 35. The optimal pulse on-time varied both with 
the type of operation and with the peak current used. It was found 
to be lower for hole drilling than for cavity sinking and tended to 
increase with increasing current. Although this effect was not as 
dramatic, the shift was relatively small. MRR and pulse on-time, for 
a peak current of 2A, were found to be roughly linked by the fol-
lowing equation: 
MRR = - 0.0056 t 2 + 1.1 t - 3.8 	[5.3] 
The effect of tool polarity on MRR was investigated and a typical 
result is shown in fig 5.34. There is a significant decrease in yield 
when a negative tool polarity was used. At the optimum pulse on-
time the decrease was more than 50%. 
The effect of tool material on material removal rate is shown in 
fig.5.35. Of the two materials used copper yielded better results. 
Fig 5.36 illustrates the effect of the duty cycle on MRR, the smaller 
the inter-discharge interval the higher the erosion rate, but it was 
found that a duty cycle higher than 80% resulted in arcing and 
unstable machining, thus leading to a low erosion rate and bad sur-
face finish. 
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Effect on tool wear 
The effect of peak current and pulse on-time is shown in fig.5.37. 
Higher tool wear resulted when using higher currents, the average 
gradient of change induced by current is 0.25% per amper. The 
maximum relative tool wear reached in these tests was below 7% 
while the lowest was just over 1.5%. 
The effect of pulse on-time, see fig.5.37, 38 and 39,is very slight at 
extreme conditions, the gradient of change attributed to pulse on-
time is about 1.06 10-3 %/ji,s; which if converted within the machin-
ing range of pulse on-time -up to 1 ms- will result in a value of 3%. 
This is to show that in the ranking of the control factors regarding 
tool wear, pulse on-time is low on the list behind the current. 
Fig.5.38 illustrates the effect of tool polarity on relative tool wear. It 
can be seen that regardless of the current used a lower tool wear 
value is achieved when using a negative tool polarity. However this 
should be seen in context withother responses since negative tool 
polarity yields a low removal rate. 
The effect of material used on relative tool wear can be assessed 
from fig.5.39, in which of the two materials tested, copper gave 
better results. The use of copper-graphite (Cu-C) resulted in an 
increase in tool wear by 13 to 25%. 
Effect on surface finish 
Surfaces generated by EDM are made of microscopic overlapping 
craters produced by the randomly distributed discharges, thus mak- 
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ing surface finish assessment based on the more conventional 
processes difficult and at best only partial. But as mentioned earlier, 
R a  was found to be the best parameter for characterising EDM sur- 
faces. 
As illustrated in fig.5.40, surface roughness increases with increas-
ing current and the best fit of data obtained would reveal an approx-
imate relationship of the form: 
Ra = 3.41 C °386 	[5.4] 
A similar pattern but not as marked is observed with the pulse on-
time as shown in fig.5.41. Surface roughness increases with increas-
ing pulse on-time irrespective of the current used, although the rela-
tionship between Ra  and pulse on-time is current dependent. In 
these tests, this relationship gradually changes from linear for small 
currents to polynomial for higher currents. The equations were as 
follow: 
Ra = 0.00875 t + 3.125 (current 2 A) [5.5] 
Ra = 3.19 to. 188 (current 10 A) [5.6] 
The effect of tool polarity is shown in fig.5.42 for two different 
currents. It is obvious that a negative tool polarity has a significant 
influence on surface roughness. It was found that the use of a nega-
tive tool polarity resulted in an improvement of IM-41% in surface 
roughness. This advantage should be considered in context with the 
other effects resulting from the use of a negative polarity. 
The results obtained with two different tool materials are shown in 
fig.5.43. Copper and copper-graphite were used as tool material and 
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the surface roughness was slightly affected by the choice of the 
material. The use of copper tools resulted in a decrease of 4.8% - 
13.8% in surface roughness. 
Effect on microhardness 
Changes in microhardness induced by the EDM process can be seen 
in fig.5.44 and 45. The microhardness of the workpiece increases 
with increasing pulse on-time. The steepest increase was observed 
nearest to the machined area. This can be explained by the fre-
quency of heat generation (discharge frequency) and the thermal 
conductivity of the material. This makes it impossible for the heat to 
be totally absorbed and dissipated. From the figures it can be seen 
that the gradient of change in microhardness decreases gradually as 
the distance from the machined area increases. These were found to 
be dependent on the pulse energy and were in the following range; 
H 	= 0.51 - 1.52 H, /gm
Vdisunce 
Hvon_time = 0.275 - 0.775 H/s 
Effect on accuracy 
Geometrical accuracy was assessed through overcut and taper angle. 
These are plotted respectively in fig.5.46 and fig.5.47. Overcut was 
found to be dependent on both peak current and pulse on-time, it 
was found to be between 75 and 210 gm. The gradients of varia-
tion were found to be: 
0con-time = 0.24 - 0.33 jflhI/j.LS 
Occurrent = 10.6 - 11.25 j.xm/A 
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Variations in taper were relatively small and had the following 
values: 
8on-time = 2.8 10
-3 deg/ps 
ecurrent = 8.75 10-3-  16.25 iO 	deg/A 
Effect on tensile properties 
Mechanical properties of materials (metals and alloys) can be 
changed by heat treatment, this principle has been in use in metal-
lurgy for a long time and since the EDM process, which basically 
works on thermal principles, can be thought of as the accumulation 
of many small localised heat treatment zones around the discharge 
spot, it would be true to assume that the workpiece processed by 
EDM will exhibit changes in microstructure and properties similar 
or dissimilar to those induced by conventional heat treatments. 
To investigate this effect on tensile properties, cylindrical tensile 
specimens were produced both conventionally and by EDM. Tests 
carried out on the specimens produced by conventional turning 
yielded the following result ( mean value of 15 tests): 
TS (MPa) = 493 ± 1.8 
e (%) = 13.8 ± 0.74 
The control factors during EDM turning were peak current, pulse 
on-time and the speed of rotation of the workpiece. The specimens 
machined by EDM showed a slight decrease in tensile strength and 
elongation if compared to the conventioanlly turned specimens. 
It can also be seen in fig.5.48 that only current had a clear effect on 
114 
tensile strength. If converted into gradients the following results will 
be found: 
TScurrent = 0.9 MPa/A 
TS 0n  time = 0.031 MPa/p.s 
From this it can be seen that the effect of current on tensile strength 
is about 30 times stronger than the effect of pulse on-time. Thus a 
higher pulse energy causes a degradation in tensile strength, this 
may be attributed to the microstructural changes induced by the pro-
cess. 
The formation of a damaged layer, which is stressed and cracked 
due to the high thermal contractions caused by the quenching effect 
of the dielectric, may explain the degradation in properties. 
The presence of the very hard 'white layer' will increase the 
superficial brittleness of the EDMed specimens, which when com-
bined with the ever present cracks will facilitate their propagation. 
The correlation between surface roughness and tensile strength is 
illustrated in flg.5.49. These two parameters are inversely propor-
tional and such an effect is consistent with a deeper damaged layer 
associated with rougher surfaces obtained at higher removal rates 
when pulse energy (peak current) is increased. 
Photographs 5.3.1 and 5.3.2 show a fractured tensile specimen and a 
view at a higher magnification of the fracture area respectively. It 
shows a ductile fracture mode, obtained at higher removal rates 
when pulse energy (peak current) is increased. 
Photograph. 5.3.1 Fracture view of a tensile specimen 
(Al-Li, 11.9X) 
b 	-1, 	 1, oh 
Photograph. 5.3.2 A high magnification view of 
the fracture surface proving a ductile fracture mode 
(Al-Li, 10000X) 
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Alloy Name Producer Chemical composition range 
Li Cu Mg Zr Si Fe Cr Ti Zn Mn Al 
8090 Lital A Alcan 2.2 1.0 0.6 0.04 0 0 0 0 0 0 
Lital C Alcan to to to to to to to to to to Ba! 
CP 271 Pechiney 2.7 1.6 1.3 0.16 0.2 0.3 0.1 0.1 0.25 0.1 
F92 RAE  
8091 Lital B Alcan 2.4 1.6 0.5 0.08 0 0 0 0 0 0 
to to to to to to to to to to Ba! 
2.8 2.2 1.2 0.16 0.2 0.3 0.1 0.1 0.25 0.1 
2090 Alithalite Alcoa 1.9 2.4 0 0.08 0 0 0 0 0 0 
B to to to to to to to to to to Ba! 
2.6 3.0 0.25 0.15 0.1 0.12 0.5 0.15 0.1 0.05 
2091 CP 274 Pechiney 1.7 1.8 1.1 0.04 0 0 0 0 0 0 
to to to to to to to to to to Bal 
2.3 2.5 1.9 0.16 0.2 0.3 0.1 0.1 0.25 0.1 
X8090 A Alithalite Alcoa 2.1 1.1 0.8 0.08 0 0 0 0 0 0 
A to to to to to to to to to to Ba! 
2.7 1.6 1.4 0.15 0.1 0.15 0.05 0.15 0.1 0.05 
X8092 Alithalite Alcoa 2.1 0.5 0.9 0.08 0 0 0 0 0 0 
D to to to to to to to to to to Ba! 
2.7 0.8 1.4 0.15 0.1 0.15 0.05 0.15 0. 1 0.05 
X8192 Alithalite Alcoa 2.3 0.4 0.9 0.08 0 0 0 0 0 0 
C to to to to to to to to to to Ba! 
2.9 0.7 1.4 0.15 0.1 0.15 0.05 0. 1 5 0. 1 0.05 
X2XXX CP 276 Pechiney 1.9 2.5 0.2 0.04 0 0 0 0 0 0 
to to to to to to to to to to Ba! 
2.6 3.3 0.8 0.16 0.2 0.3 0. 1 0. 1 0 .25 0. 1 
* Non registered alloy. 
Table 5.4 General information on some registered 
aluminium-lithium alloys [refs 1-3,5-7] 
LA 
Alloy 	Density E 0.2% PS TS 	e 
Toughness Substitute 
(g cm -1) (MPa) (MPa) (MPa) 	(%) 
(MPa .m' 5) for 
8090 	2.54 	80 	450 	495 	
6 	36 
8091 2.55 80 475 550 	
5 	18 
2090 2.57 78.5 470 
- 	 7 	25 
2091 2.58 78 335 
- 	 15 	- 
Table 5.5 Physical and mechanical properties 














Engineering ceramics have been the centre of much attention and 
are considered promising materials. This is mainly due to their supe-
rior chacteristics not found in conventional metal alloys and poly-
mers. Much progress has been made in the development of highly 
purified raw material powders used in the production of ceramics. 
These are produced by methods used in powder metallurgy, and 
recently methods of precision shaping have been studied. But as 
powdered raw material cannot be plastically deformed, it is almost 
impossible to obtain powder compaction of full density. Sintered 
ceramics show 15 to 20% decrease in size during processing [88,89] 
and sintered ceramics often have to be machined to achieve set 
tolerances and obtain the precise shape. This applies especially to 
complex components since the decrease in size for simple com-
ponents can be taken into account before sintering. 
Some of the processing methods for ceramics are listed below: 
- Powder pressing 
- slip casting 
- Extrusion 
- Green machining 
- Firing 
- Diamond machining 
128 
Some of the novel methods are vapour deposition, sol-gel process-
ing, reaction sintering, plasma sintering and colloidal processing 
[88,90-92]. 
Engineering ceramics present useful properties, some of which are 
shown below and are contrasted to some of the properties that put 
them at a disadvantage and some physical properties are shown in 
Table.6.1 for few ceramics:. 
Positive attributes 
High compressive strength 
High hardness, good wear resistances 
High stiffness 
Good corrosion and oxidation resistance 
Good tensile strength retention at high temperatures 
Electrical insulation (although conductors in some cases) 
Low density (relative to metals) 
Negative attributes 
Low thermal conductivity, specific heat and coefficient of expansion 
Low fracture toughness 
Low tensile strength 
Despite their oustanding properties their use is limited due to their 
negative attributes mentioned earlier especially their low toughness. 
Engineers are unlikely to use ceramics as critical structural com-
ponents without having confidence in them to survive. However the 
development of ceramic matrix composites (CMCs) resulted in an 
increase in toughness, thus increasing their utilisation to take advan-
tage of their properties. This is not to say that ceramics were not 
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used in engineering in the past. Another problem encountered when 
using ceramics is their poor machinability, although various methods 
have been investigated for processing ceramics, laser beam machin-
ing (LBM) and ultrasonic machining (USM), and recently the duc-
tile machining mode; the only practical techniques widely used 
involve diamond tooling. This is an expensive method due to high 
consumption in diamond. 
Because of their poor electrical conductivity, as illustrated in 
Table.6.2, most of the ceramics cannot be machined electrically. A 
new approach to improve their machinability is to increase their 
electrical conductivity by adding additives during their manufacture 
(conductive particles). This applies when their insulating property is 
not functionnal. This technique increases their electrical conductivity 
with no significant loss in their original characteristics. Two exam-
ples of this material are EDMSi 3N 4 (Japan) and Syalon 501 (UK). 
This relationship between electrical conductivity and machinability 
by EDM is illustrated in fig.6.1. 
6.2 Applications 
Ceramic usage is wide and varied, it ranges from household equip-
ment to the most sophisticated areas of electronics, automotive and 
aerospace. The most promising area for ceramic usage is the auto-
motive industry. The use of ceramics in engines is not new, alumina 
spark plugs, and as catalyst for conversion of exhaust gases to less 
harmful typs are just a few of the components that use ceramics. 
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Although a 100% ceramic engine would be impossible, the interest 
in incorporating more ceramic components is growing. The required 
properties for material use in high efficiency engines are high tem-
perature strength, high expansion coefficient, good heat insulation, 
good thermal shock resistance, low density, good wear resistance, 
high corrosion and erosion resistance, high fracture toughness and 
good machinability. Not all ceramics are suited for this application 
but they can be used for different components within the engine. 
The capability of ceramics are widely recognised by vehicle 
manufacturers. Some ceramic components are currently produced for 
automotive applications. The components that are likely to benefit 
from further use of ceramic materials are valves, pre-combustion 
chamber (Si 3N 4 , Sialon ), glow plugs (Si 3N 4), pistons and piston 
caps (Zirconia and Al-titanate). Si 3N 4 and SiC are also being 
evaluated for use in turbine rotors, shrouds, compressors and 
combustor liners [93-96]. 
Specific uses of ceramics in aerospace is as space shuttle tiles, pro-
viding thermal protection from high temperatures during re-entry for 
the outer skin of the airframe, as well as being used as a nosetip for 
manoeuvring re-entry. 
In the electrical and electronic industries ceramics can be used as 
insulators, in fuel cells, as resistors, varistors and sensors [97]. 
In general engineering they can be used for various applications. 
Their high hardness and wear resistance make them prime choice 
for cuffing tool tips [98], their use will reduce tooling and machin-
ing cost since higher speeds and feed rates will be possible. 
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Other uses include hybrid bearings (ceramic balls on steel rings) 
[99], mechanical seals for pumps (especially in chemically agnes-
sive environments), sand blasting and water jet nozzles, furnaces 
and burners and dressing sticks for dressing wheels [100]. 
They can be used in heater tubes (immersion and radiant) [101], 
while in the nuclear industry they would be used to control the neu-
tron flux and absorb neutron radiation. 
For medical applications ceramics are classified in three categories, 
the bio-inert (load bearing applications A1 20 3 , ZrO 2—TZP), bio-
active(Hydroxy apatite and bio-glasses) or resorbant in which case 
they dissolve and will be replaced by tissue [102]. 
6.3 Requirement for EDM machining 
The EDM process can only be used with electrically conductive 
materials. A material is electrically conductive if mobile charge car-
riers are present in the lattice. Electrical conductivity is proportional 
to the number of such carriers and their mobility. In metals the 
metallic bonding results in a high electrical conductivity ( 3.7 10' 
1/ohm.m), where mobile electrons are available in the lattice as car-
riers. 
In ceramics, due to the ion bonding no free charge carriers are avail-
able, the ions have a restricted mobility due to their integration into 
the structure. Conductivity increases with temperature, but even at 
high temperatures, the electrical conductivity exhibited by ceramics 
does not attain a high value, so it is still possible to speak of insu-
lating properties [103]. 
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Conduction becomes possible only if free electrons are available. 
This could be achieved by incorporating additives, thus disturbing 
the regular structure through the creation of vacancies. The electrical 
conductivity can be controlled via the number and type of additives 
to achieve a value that will make machining by the electro-
discharge technique possible. 
6.4 Ceramic materials investigated 
6.4.1 Non conductive ceramics 
Silicon Carbide (SiC), Silicon nitride (Si 3N 4), Boron Carbide 
(B 4C), and Alumina (Al 20  3) are put in one group as they could not 
be machined using EDM. No sparking occured when machining was 
attempted, this is due to their lack of electrical conductivity. 
For material removal to take place on these materials, high tempera-
ture discharges are required; but due to their high specific resistance 
the inter-electrode gap required cannot be set under normal machin-
ing conditions. Thus the necessity to find other means to initiate and 
maintain discharges. This may be achieved by using various 
methods some of which are mentioned below: 
High voltage 
The use of high voltage to compensate for the voltage drop accross 
the workpiece can, theoretically, be one method for machining non-
conductive ceramics. It was reported that a hole was drilled in dia-
mond using EDM with high voltage and high frequency (10 kV and 
1000 kHz). However the use of very high power sources might not 
be practical. 
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Attempts to EDM these materials were unsuccessful since the 
characteristics of the EDM machine did not allow for a high voltage 
(150V, 90A). Although sparks were generated while using SiC and 
Si 3N 4, we can state that no machining took place, since the mass of 
material removed was non-measurable, while the tool melted and a 
high rate of wear resulted. 
Workpiece coating 
In an attempt to initiate sparking the ceramic specimens were 
sandwiched between two sheets of copper (3 mm thick) for one test 
and coated with silver paint for a second test (see fig.6.2), No posi-
tive results were obtained using this method. Although better results 
were achieved with this technique by other researchers while using 
diamond as workpiece [104,105]. This might be due to the fact that 
the heat generated by the discharges will convert the carbon into 
graphite which is a good conductor. 
Electrolyte as machining fluid 
In order to machine these ceramics, the dielectric used in EDM was 
replaced by an electrolyte and the EDM machine was used without 
changing the servo-mechanism. 
In this experiment sparking occured when the tool touched the elec-
trolyte. The tool was fitted with a spring to keep it in contact with 
the workpiece without applying excessive pressure. This was neces-
sary as the servo of the EDM machine would not retract the tool. 
The cathode was closing the circuit. Copper tools with different 
diameters were used, while for the cathode (metallic plate) of a 
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larger size, aluminium, steel and brass were used. The set up is 
shown in fig.6.3. 
During the tests both electrochemical and electrodischarge action 
took place, a process often termed Electro-Chemical Discharge 
Machining (ECDM). However the term ECDM could be confusing 
when applied for non conductive materials, because the electrochem-
ical action was not taking place on the workpiece. A better term in 
this case could be "Electrolytic EDM". Naming the process as an 
EDM process is not accepted, some think of it as a chemical 
machining process and their argument is that the electrolyte is 
brought to a high state of ionisaton and high temperature that the 
workpiece is attacked chemically. The counter argument is that dur-
ing machining the tool is insulated from the electrolyte by the gas 
bubbles and that the discharge is directed towards the workpiece 
through that channel. Examination of the machined surface would 
tend to support the discharge view. 
Assuming that material removal is thermal, it is best to put the 
workpiece in direct contact with the tool, in this way the energy dis-
sipated into the electrolyte will be minimal. For the same reason, the 
height of the electrolyte above the workpiece is minimal, this 
applies for uncoated tools. (these tests were carried using copper 
tube as tool). 
When the workpiece was placed directly on the surface of the 
cathode, thus having a minimal distance between anode and cathode, 
the elctrochemical action was larger than if the two electrodes were 
at a distance apart. This electrochemical action was assessed 
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at a distance apart. This electrochemical action was assessed qualita-
tively and is deduced from the amount of gas evolved and oxides 
formed. 
From the tests carried out, some qualitative conclusions can be 
drawn regarding electrolyte, tool material and pulse duration. Two 
electrolytes were used sodium nitride ( NaNO 3 20%wt) and sodium 
hydroxide (NaOH iON). Using the same parameters it was 
observed that NaNO 3 sustained better the discharges, thus generat-
ing more heat. An increase in the on-time causes a rise in the 
electro-chemical action and the electrolyte becomes saturated with 
oxides. The same effect is caused by an increase in current. There 
are two extreme situations during these tests, either the pulse energy 
is too high, and the tool will melt or the workpiece break, or the 
pulse is low and machining is on microscopic level. 
The tool material did not show any effect on material removal, both 
copper and stainless steel tubes were used. 
These experiments showed that pure EDM was not achievable using 
the present power supply (150V,90A). During the second tests, 
using an electrolyte as machining medium, sparking did occur when 
the tool touched the electrolyte and the discharges were maintained 
in the fluid. The heat generated was transmitted onto the work-
piece; but since the sparks were non directional their effect was not 
controllable as in a conventional EDM process. Except in the case 
of B 4C when holes were drilled, these discharges resulted in the 
removal of minute quantities of material, and the workpieces 
became red under the effect of the heat generated. 
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In the case of B 4C tap water was used as dielectric with a copper 
hollow tube (negative polarity). The dielectric pressure was 500 psi 
(2450 kN/m 2)• A relatively high machining rate was achieved (0.9 
mm/mm), but the hole produced was of poor quality due to the high 
back pressure and lack of rigidity of the tool guide and holder, thus 
creating vibrations. 
Wire EDM of ceramics 
At present EDM sinking is not an effective method for machining 
ceramics even if their electrical conductivities is above the 0.01-0.1 
S/cm limit agreed upon as being the minimum specific electrical 
conductivity required for EDM to be possible. Materials that have 
been successfully machined by wire EDM include SiSiC, A1 20 3 + 
TiC, ZrO 2+CaO, ZrO 2-i-NbC, ZrB 2, BN +TiB 2, TiB 2-i-SiC, 
SiC —graphite [15,16,106-109]. 
6.4.2 Conductive ceramics 
In this group the only material available was Syalon 501, supplied 
by Lucas Cookson (now vesuvius). Sialons were first synthesised in 
the 1970s, they consist of phases in the Si-Al-O-N and the related 
M-Si-Al-O-N systems where M can be lithium, beryllium, mag-
nesium, calcium, scandium and yttrium. But only ' sialons, the sili-
con aluminium oxynitride with 3 Si 3N 4 has been extensively 
developed as an engineering ceramic [110], they are used either on 
their own or as a phase in composite form [15,106,107,111]. 
The only test carried on this material was hole drilling due to a 
shortage in material. Penetration rate, overcut and taper angle were 
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observed. A Transtec EDM machine was used, paraffin was used as 
dielectric. Tool material was copper (tubes OD=3.05mm, 
ID=l .35mm). 
It can be seen in flg.6.4 that material removal exhibits a maximum 
when plotted against on time, the optimum value variation is depen-
dent on the pulse energy. Maximum penetration rate is achieved 
when using a pulse on time in the range between 30 to 60pS. The 
effect of the current on penetration rate can be assessed from both 
fig.6.4 and fig.6.5, an increase in current (thus in pulse energy) 
results in an increase in material removal rate. The same trend is 
present in the overcut and taper angle shown respectively in fig.6.6 
and fig.6.7. 
The effect of the duty cycle is shown in fig.6.5; penetration rate 
increased slightly when using 75% duty cycle compared to 50%. 
This is certainly due to the fact that more time per pulse is used for 
machining, but it was observed that an off time less than 1/3 of the 
on time resulted in an unstable machining and continuous arcing 
predominated. The reason for this is that the sparking gap did not 
have enough time to deionise. 
The overcut observed in these tests are shown in fig.6.6. A small 
deviation is caused by the on time, maximum values of 2 ,8,45-, 
J.tm were observed respectively for current values of 4, 6, 8 and 
10 A. The effect of current is more marked, an increase in current 
resulted in a significant increase in overcut for the same machining 
on time. 
138 
It can be seen that the optimum on time values do not necessarily 
correspond to the lowest overcut. For example at 50 jis on time, the 
overcut of 22pm at 4 A, inceased to 76pm for a current of 10 A. 
The average taper values observed are shown on fig.6.7, tapers of 
0.12*and 0.18 0, respectively for 4 and 8 A, were found. 
These taper values would be lower if machining was not stopped as 
soon as a through hole was produced, the exit diameter was smaller 
since material removal was frontal at the exit. 
Occurrent = 18 pm/A (average 0.18 jtm/A.j.is) 
000n _time  = 0.14 J.Lm/JLs (average 0.015 .im/j.ts.A) 
Ocurrent = 0.12°/A (average 0.012 °/A.ps) 
oflme = 0.07 °/ps (average 0.01 °/ps.A) 
6.5 Discussion 
It was reported that the theories developed for electro-discharge 
machining of metals is not applicable in its entirety to ceramics 
[15]. The mechanisms of EDM material removal in ceramics are 
different from those of metals. Material removal in metals occurs at 
the end of the discharge when the molten material is expelled from 
the crater, while in the case of ceramics four different mechanisms 
were identified [15], these are material removal by: 
- Thermal shock 
- Spalling of resolidified layers 
- Melting and ejection (as in metals) 
- Grain detachement from highest conductivity phases 
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Electro-discharge machining of ceramics with improved thermal 
shock resistance such as Syalon 501, EDM Si 3N 4 and A1 20 3-TiC 
mixed ceramic is probably governed by the melting and ejection 
effect similar to the removal mechanism in metals which might be 
combined with different secondary modes. 
In the case of Syalon 501 the molten material resolidifies after the 
discharge leading to surface cracking in the discharge zone as 
shown in photograph 6.1. 
The spalling effect due to thermal shock on the solid workpiece 
might cause the latter to shatter and break (see photograph 6.2), 
while if the spalling was not destructive it will be characterised by 
extremely low removal rates. A case of spalling without workpiece 
fracture is shown in photograph 6.4 obtained while machining boron 
carbide in an electrolytic machining fluid. 
Unlike results found by some researchers [103], this investigation 
showed that the machining rate achieved with electro-discharge 
machining (die sinking) of ceramics are lower than for metallic 
materials, and this can be attributed to their lower electrical conduc-
tivity and probably a combination of material removal modes. For 
comparison, under similar test conditions (electrical parameters and 
flushing arrangements) the following material removal rates were 
achieved for different materials: 
Steel 	50 mm 3/min 
Al—Li 60 mm 3/min 
Syalon 501 16 mm3/min 
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In the case of a ceramic having a much higher melting point and a 
lower thermal conductivity than metals, steep temperature gradients 
will develop. This is certainly the cause for the fracture of the non 
conductive ceramics. Due to the high thermal expansion, stresses 
sufficient to cause mechanical failure occur and this could explain 
the shattered specimens. 
A material exposed to high temperature will try to expand but will 
be prevented by the cooler interior from doing so, thus the develop-
ment of the high compressive stresses. The situation is reversed dur-
ing the off-time thus causing internal tensile stresses, and since 
ceramics are much weaker in tension than compression, it is prob-
able that fracture occurs at the end of the pulse. 
No quantitative measurements of surface roughness were made but a 
visual observation suggested that a good surface finish was 
achieved. This was by comparison to metallic surfaces machined by 
EDM under similar conditions. The surface of an EDMed Syalon 
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Photo graph.6.1 An EDMed surface showing cracks in the 
resolidified layer (Syalon 501, 3000X) 
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F 
Photograph.6.2 Thermal shock fracture of B 4C specimen 
14. 1 
Photograph-6.3 Spalling effect during electrolytic EDM 
(B 4C, 55X) 
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Photograph-6-4 Surface appearance of EDM drilled 
hole (a) 120X and (b) 1020X 
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6.6 Conclusions 
Five different ceramics were used as workpieces for electrodischarge 
machining; B 4C, Si 3N 4, SiC and A1 203 were not machinable by 
EDM due to their poor electrical conductivity. An attempt to 
machine them by replacing the dielectric with an electrolyte was not 
successful, except for B 4C when holes were drilled by using a high 
pressure pump and short pulse durations. The use of this derivative 
process is not satisfactory in its present form due to the nature of 
the discharges. The discharges were not localised thus very low 
energy density is achieved. 
The Syalon 501, since it exhibits good electrical conductivity 
(0.138 106  1/ohm.m) was successfully machined (hole drilling). The 
optimum values of the machining parameters were sought, and it 
was found that the optimum pulse on time was in the range between 
30 and 60 ts depending on the pulse energy. Material removal 
rate is lower when compared to metals, this is due to the ceramic's 
lower electrical conductivity. 
As for the accuracy of the hole produced, it was shown that the 
overcut depends on the current and to a lower degree on the on 
time. A maximum overcut of 85p.m at a peak current of 10 A was 
found, and the taper angle did not exceed 0.2 ° for a peak current of 
8 A. The taper angle should be uniform as long as the process 
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Fig.6.1. Dependence of material removal 
rate on electrical conductivity 
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Fig.6.4 Effect of peak current and pulse 
on—time on machining rate. 
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on machining rate. 
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Fig.6.7 Effect of peak current and 
pulse on—time on taper. 
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Ceramic Density Hardness Toughness Thermal shock 
Young's modulus Failure 
material g CM -3 Kg mm -2 MPa m15 AT 
GPa mode 
sic 3.15-3.3 2600 2-4 400-600 420 
fracture 
Si3N4 3.21-3.4 1800 5-8 600-800 
310 spalling 
B 4C 2.51 3200 4-5 
-- 450 -- 
A1 20 3 3.96 2200 3-5 200-300 
350 fracture 
Zr0 2 5.8 1300 8-12 200-300 
210 spalling 
Syalon 501 >3.95 1800 5.6-5.9 up to 400 
300 -- 
'0 










10--I to  10 2 
A1203 1012 
Zr0 2 i0 
Syalon5Ol 0.138 106 
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Table 6.2. Electrical conductivity of some ceramics [refs 15,115] 
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Chapter 7 
Summary of results 
7.1 Introduction 
Most scientific principles and phenomena were discovered through 
experimentation. A significant part of scientific and industrial experi-
mental work is geared towards the finding of the optimum condi-
tions and of models fitting the experimental data which in some 
cases lead to a better understanding of their basic principles. 
The literature search revealed that for the EDM process, the 
response variables were linked to the input variables according to 
the following equation [116]; 
Y = a 	ei X 202 X OPz 	 (7.1). 
The response variables can be any of the following: 
MRR material removal rate 
RTW relative tool wear 
Ra 	surface roughness 
overcut 
T 	taper angle 
HV 	microhardness 
TS tensile strength 
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while the input variables can be: 
C peak current 
t pulse on-time 
f duty cycle 
d distance from edge 
Not all of these parameters are necessarily used for each material 
investigated. 
Equation (7.1) can be linearised by taking the natural logarithm on 
both sides to give: 
1nY=1x+e 1 1nx 1 + ---- + e 1nX 	(7.2) 
which after a variable transformation will yield: 
y=e0 +el x l + ... +o fl xfl 	 (7.3) 
By applying the least square criterion the problem becomes the 
minimising of: 
S = I [y .—(0 + 01X1  +....+ 
By taking the partial derivatives in respect of 00, 01...... ,  on  and 
equating these derivatives to zero and after rearranging will yield the 
(ni-i) multiple regression equations: 
............. ......... +0flxfl 
................... 
...... 
i-en x ixn 
yx 2 =90 x 2 +0 1 Ex 1x 2 +02 x 22 + ...... +e, Z x 2x 
................. ...... +eflxfl2 
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The solution of this system will yield an estimate of the regression 
coefficients 80,  9 .....,8,. Three variations of the same basic model 
were tested; these were: 
Model (1) Y 1 = cx X 1 01 X202 x30 
Model (2) Y 2 = a X10' X202 X3 ()3 e e423)  
Model (3) Y 3 = a X 1 01 X292 X3 ()3 eO4X2 
The three models were run and the predicted values of the response 
variables (Y e) were compared to the experimental data. Depending 
on the combination -response /material- one and in some cases all 
models apply, ie they generate the smallest difference between the 
predicted and the experimental values. 
The different regression coefficients for the various models are 
shown in Tables 7.1 to 7.4. 
From the models, the effects of the input variables on the response 
variable can be assessed. Most of the responses exhibit similar pat-
terns for the different materials investigated. 
Material removal rate increases with increasing current and reaches 
a maximum value for the optimum pulse on-time. It can be seen that 
the effect of current is stronger than that of pulse on-time. For rela-
tive tool wear, depending on the material investigated, two patterns 
are visible, either an increase to a maximum value and then a gra-
dual decrease as in the case of Al-Li, or a continuous decrease with 
increasing pulse on-time, the current increase has the effect of 
increasing relative tool wear regardless of the material. 
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As for surface roughness it increases continuously with both current 
and pulse on-time, with a stronger effect due to the current. Over-
cut and taper exhibit a similar pattern of variation, that is they both 
increase with increasing current and pulse on-time. 
The microhardness values are decreasing with increasing distance 
from the machined area and do increase with pulse on-time. The 
tensile strength is more affected by the machining current than by 
the pulse duration. The effect of pulse on-time is almost negligible. 
7.2 Aluminium lithium alloy (Al-Li) 
MRR = 0.012 C 117 t1961 eO23t 
RTW = 4.56 C°236 t -0.067  
Ra 	= 1.618 C0386 t0117 e0001t 
Oc  = 52.4 CO.411 t0014 eom4t 
T 	= 0.107 CO237 t0076 eom7t 
Hv  = 234.36 d 208 t0175 
TS = 507.42 C 015 t00001 eohJmt 
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Response Model U 81 8 83 
1 1.423 1.170 0.328 
MRR 2 2.780 1.197 -0.280 -2.836 
3 0.012 1.170 1.961 -0.023 
1 4.562 0.236 -0.067 
RTW 2 4.518 0.235 -0.065 0.020 
3 5.813 0.236 -0.150 -0.001 
1 1.312 0.386 0.188 
Ra 2 1.375 0.394 0.177 -0.098 
3 1.618 0.386 0.177 0.001 
1 39.50 0.411 0.111 
Oc 2 28.16 0.349 0.194 0.713 
3 52.40 0.411 0.014 0.0014 
1 0.031 0.144 0.532 
Tp 2 0.071 0.227 0.210 0.110 
3 0.017 0.237 0.076 0.0017 
1 234.36 -0.208 0.175 
Hv 2 272.90 -0.127 0.023 0.002  










3 507.42 -0.015 -0.0001 
-0.0001 
Table . 7 . 1. Regression coefficients for the 3 models (Al - Li) 
7.3 Alumina reinforced aluminium (Al -A1 20 3) 
MRR = 17.52 c° 842 r06 e_1.147C1t) 
RTW = 52.87 C 0346 t102 e0237/t) 
Ra = 0.753 C °227 t0295 eO268t) 
= 21.38 c° 223  t°327 eO457It) 
T = 0.02 C 0407  t037 eO264It) 
Hv  = 468 d 205 t0•0129 eOM5t 
TS 	= 513.46 C ° to-0004e00007t 
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3 0.037 0.473 
0.152 0.002 
1 373.25 -0.205 -0.203 
0.103 
0.021 0.0016 
Hy) 2 444.03 468.04 -0.205 







TS 2 517.430 513.460 -0.040 -0.0004 
-0.00007 
3 
Table. 7. 2 Regression coefficients for the 3 models (Al - Al 2 0 3) 
7.4 Silicon carbide reinforced aluminium (Al-SiC) 
MRR = 0.0002 c 1.345 2.619  e 019t  
RTW = 9.43 C°088 t 0.072  e 023 t 
Ra = 1.056 C 0519 t0154 emolSt 
= 2.046 C °711 t0453 e0006t 
T 	= 0.016 C 0626 t0328 e07t 




Response Model a 01 02 
03 
1 13.1 1.345 -0.241 
MRR 2 237.068 3.163 -0.820 -9.044 
3 0.0002 1.345 2.619 -0.019 
1 35.82 0.097 -0.281 
RTW 2 37.169 0.173 -0.289 -0.423 
3 9.430 0.088 0.072 -0.0023 
1 0.440 0.519 0.379 
2 0.02 -1.418 0.995 9.639 
3 1.056 0.519 0.154 -o.00is 
1 1.44 0.711 0.544 
Oc 2 2.618 1. 157 0.424 -2.220 
3 2.046 0.711 0.453 0.0006 
1 0.006 0.626 0.582 
Tp 2 0.018 1.478 0.354 -4.235 
3 0.016 0.626 0.328 0.0017 
1 189.1 -0.111 0.107 
Hv 2 56.22 -0.389 0.385 1 . 178 
1 214.3 -0.123 0.071 0.0007 
Table.7.3 Coefficients of regression for the 3 models (Al-SiC) 
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7.5 Syalon 501 
MRR = 0.014 C 0625 t 0971 1 0 .286 e _ 21 t 
0C  = 35.42 C 1253 O.006  jO.Ol4 eOOO2t 
T = 0.056 C 048 t0068 p0.181 
Response Model 01 02 
03 04 
1 0.230 0.625 -0.005 0.286 
MRR 2 1.198 1.051 -0. 551 0.286 -2.888 
3 0.014 0.625 0.971 0.286 -0.021 
1 27.820 1.253 0.095 0.014 
Oc 2 22.812 1.202 0.156 0.014 0.348 
3 35.418 1.253 0.006 0.014 0.002 
1 0.056 0.480 0.068 0.181 
Tp 2 0.059 0.492 0.054 0.181 -0.075 
3 0.061 0.480 0.040 0.181 0.00057 




Since all discussions are to be found within the relevant chapters, 
this chapter will be a summary of the work undertaken and the 
achievements made in the course of this investigation. 
The objective of the project was to assess the machinability of the 
various advanced materials using the electro-discharge machining 
process. The conclusions drawn from the experimental work are 
reported here with a reminder of the reasons that necessitated this 
work. 
The materials investigated are the aluminium lithium alloy 8090, 
aluminium reinforced with silicon carbide particulates, aluminium 
reinforced with alumina particulates and different ceramics including 
the electrically conductive Syalon 501. 
These materials were the result of development programmes initiated 
worldwide. These were brought about by pressure from high per -
formance industries requiring new materials with improved physical, 
mechanical and thermal properties. 
These metal matrix and ceramic matrix composites posed machining 
difficulties either because of their improved properties (hardness and 
wear resistance) or due to the complex shapes of the final com-
ponents. 
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The solution of the machining problems can be found in one of the 
non-conventional machining methods. In this investigation the 
electro-discharge machining process was used. 
It was found that the EDM process can be used successfully for 
these materials, including the Syalon 501; but with the present 
apparatus the other ceramics, ie SiC, Si 3N 4 , B 4C and A1 203, could 
not be machined due to their lack of electrical conductivity. 
The non-electrically conductive ceramics can possibly be machined 
by "electrolytic EDM" using an improved dielectric system (high 
pressure and flow rate) and a larger power supply. 
The results obtained with the metal matrix composites (MMCs) 
exhibited a similar pattern as results obtained with other materials 
(especially steel). These can be summarized as follow: 
• Material removal rate increased with increasing pulse energy with 
peak current having a stronger effect than the pulse on-time. 
• The existence of an optimum value for the pulse on-time that 
maximizes material removal rate was observed. 
• Relative tool wear increases with peak current and usually 
decreases with increasing pulse on-time. 
• Surface roughness increases with pulse energy. An increase in 
both peak current and pulse on-time results in a rougher surface 
although peak current has a stronger effect. 
• Overcut and taper angle increase with the pulse energy with a 
stronger effect due to peak current than to pulse on-time. The over-
cut was found to be more sensitive to electrical machining parame-
ters than taper. 
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• Duty cycle was found to affect material removal rate. Higher duty 
cycles result in better removal rates but a maximum of between 75-
80% was observed beyond which machining becomes unstable and 
adversely affect stock removal. 
• Microhardness values increased with the pulse energy. This 
increase was largest at the machined edge of the sub-surface. It gra-
dually decreases with increasing distance from the machined edge to 
equal the microhardness of the parent material. 
• Tensile strength was found to be affected by the EDM process. 
The reduction in tensile strength is proportional to the pulse energy. 
The effect attributable to pulse on-time is almost negligible, while 
the effect of peak current was significant. 
The various experiments carried out on the different ceramics 
proved that the EDM machining is not possible, at least not with the 
power supply available, except in the case of the Syalon 501. The 
latter was successfully machined by EDM since its electrical con-
ductivity was relatively high. 
The attempts at "electrolytic EDM" were encouraging since sparks 
were generated and maintained. The process was not practical in its 
present form due to the non-directionality of the sparks and the very 
small material removal rates. The use of a more powerful dielectric 
pump and a more appropriate machining fluid might yield a better 
result as in the case of B 4C which was drilled using short pulse 
durations and a dielectric (tap water) flushed at a pressure of 500 psi 
(2450 kN/m2). 
165 
A rough estimate of the optimum machining conditions were found 
through preliminary tests for each material. The use of regression 
analysis on data obtained from further observations resulted in 
obtaining models representing the process for the different materials. 
Three models were tested and the best fit was assessed by calculat-
ing the difference between the experimental values and those 
predicted by the three models. In some cases two or all the models 
gave the same result, and the basic model was arbitrarily chosen. 
This was done for the four materials (Al-Li, Al -SiC, Al-Al 20 3 and 
Syalon 501). 
The models obtained included as input variables, peak current and 
pulse on-time, and in the case of Syalon 501, the duty cycle was 
also used. Although the first two parameters are the most important, 
other variables such as machining fluid (type and flushing arrange-
ments), tool material, tool polarity and type of machining operation 
affect the EDM process. Thus these models can be improved by 
incorporating more variables in the experimental block. The problem 
arising will be the large number of necessary observations, but these 
can be reduced by the use of an appropriate experimental design. 
Various difficulties and limitations were encountered during this 
investigation, some of which are the difficulty in obtaining the 
desired materials, the limitation posed by the dielectric pump and 
the difficulty in assessing surface roughness. 
Minimum quantity per order and price were the two factors that 
made the procurement of the materials difficult. However materials 
were acquired from various companies on favourable conditions. 
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The availability of a more powerful dielectric pump would have 
been useful in the investigation of "electrolytic EDM" of the non-
conductive ceramics. 
The surfaces generated by EDM do not fit in the standard 
classification and high values are obtained if high pulse energy is 
used, thus the difficulty was twofold, firstly deciding on the best 
parameter to use, in this case Ra  was chosen and secondly the max-
imum roughness value that can be measured using the Talysurf 4 
was 12 gm, which is typically the roughness values generated under 
'normal EDM conditions' but much smaller than those obtainable 
with rough EDM. 
In summary the results confirm that these advanced materials can be 
readily electro-discharge machined. From the experiments, when 
using low currents at the optimum pulse on-time, the smoothest sur-
face finish with little reduction in tensile properties is obtained. 
Material removal rate and tool wear compare favourably with results 
obtained with other materials, especially steel. 
For some ceramics, "electrolytic EDM" process could be used suc-
cessfully by an appropriate choice of parameters, the most important 
as found from these tests are the dielectric pressure, pulse duration 
(on-time and off-time), tool polarity and the electrolyte itself. 
Further work is required for the investigation of the surface integrity 
and mechanical properties such as fatigue life of components 
EDMed from these materials. 
167 
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ABSTRACT 
Alumina reinforced aluminium is a difficult material to machine by conventional 
means due to its good wear resistance. In this paper some of its properties and 
applications are reported and its machinability by the 
e ectro-discharge technique 
is investigated through the effect of the process on material removal rate, relative 
tool wear, surface finish, r
nicrohardfleSs and tensile strength. The results obtained 
with this composite were similar to those obtained for 'conventional metals'. 
Considerable changes in microhardfleSs were observed within 50 gm of the 
machined area and the tensile strength was lower for the specimen machined by 
EDM, the degradation in strength was proportional to the discharge energy. 
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ThJTRODUCIION 
Metal Matrix Composites (MMCS) provide strength which can challenge titanium 
or steel in specific terms and exhibit unique property combinations that give 
them great potential. 
widely used matrix due to its propertiess especially densi- 
Aluminium is the most 
ty, which is of great importance in the performance industries (aerospace, auto-
motive). There are several types of reinforcements available on the market 
some of which are ceramics. The incorporation of ceramic fibres, whiskers or 
particulates provide a significant improvement in properties. Although fibres have 
a larger contribution in strength increase, cost considerations tend to favour the 
use of whiskers and particulates. The disadvantages associated with ceramic rein-
forcement are the relatively high COSt and the machinabUitY problem when using 
many of the conventiot1nai methods. This is more so with continuous fibres than 
whiskers or particulates. 
The improvements in properties provided by the particulate reinforcement are not 
as significant as those obtained with cofltjflUOUS 
fibres, but when set against cost 
and versatility their potential is clear, their advantages are that near net shape can 
be produced and the reinforcement can be selectively used thus reducing the 
overall cost. 
The improvements in wear characteristics eliminate surface coatings applied to 
aluminium for wear resistance, while a lower thermal expansion coefficient will 
decrease the differential expansion between aluminium alloy and other metals, 
use in mixcd systems. Furthermore, this is made possible by 
thus facilitating its  
the improvements in their elevated temperature capabilities, up to 300 degree C ( 
possible use in engines). 
As for mechanical (tensile) properties, when comparing unreinforced 6061 to 
6061 reinforced with 20% alumina (A1203), 
an increase of 29%, 23% and 43% 
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is achieved respectively for yield strength, tensile strength, and young's modulus 
while the elongation exhibited a significant reduction, down to 2% [1]. 
This material can be used in a wide range of applications, connecting rods, pis-
tons, cylinder liners, missile components, speed brakes, tennis rackets or bicycle 
frames. As can be seen, the applications range from automotive industry and 
aerospace to sporting goods (1,2]. 
It is known that by far the cost of finished components for high performance ap- 
plications stems from the machining cycle. This metal matrix composite exhibits 
good wear characteristics, thus it is a difficult material to machine by conven-
tional methods. Among various machining methods, some non-conventional 
methods (EDM, LBM) are seen as promising machining tools for these materi-
als. EDM has emerged in recent years as a firmly established machining process 
in the production of forming tools and precision components for the aircraft and 
aerospace industry. It has become an efficient and economic alternative to con- 
ventionnal machining for various applications. 
This paper focuses on the machinability of aluminium reinforced with alumina 
(Al—A1203) by the electra-discharge method (EDM). The results of the tests are 
discussed in terms of material removal rate (MRR), relative tool wear (RTW), 
surface finish (R a ) and tensile strength (TS). 
2 EXPERIMENTS 
The metal matrix used in this study is aluminium reinforced with 10% alumina 
and was procured from Alcan Aerospace in rod shape ( 2014-10% A1203). 
EDM tests were performed to assess material removal rate, tool wear, surface 
finish and tensile strength. 
A 90A, 150V EDM machine was used with paraffin as a dielectric and the tool 
material was coppef. For the production of tensile specimen, conventionally pre- 
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machined specimen were used so as to reduce machining time by EDM; the 
shape and dimensions of the tensile specimen are standard ( 25.2 mm gauge 
length and 5.05 mm gauge diameter). A rotating rig was made for the produc- 
tion of these specimen. 
Measurements of material removed were done using a precision scale (±0.1 mg). 
For roughness measurements the specimen were cleaned in alcohol and dried, a 
Talysurf 4 was used with a selected cut off of 0.3mm. Ten readings were taken 
on each specimen and averaged to give Ra. Microhardness measurements on pol-
ished specimen were taken using a rnicrohardness tester (Waltzer) and readings 
were taken at different distances from the machined edge using a bOg load. 
3. RESULTS 
3.1 Effect of curre nt  
The effect of current on material removal rate and relative tool wear is shown on 
fig.l. The result was expected since material removal rate (MRR) is prportional 
to the pulse energy which itself is largely influenced by the current, thus an in-
crease in machining current resulted in an increase in material removal, the same 
effect can also be seen on flg.2. 
On the same graph, fig.!, the relative tool wear shows a similar pattern, although 
not as marked as for MRR. The influence of current on RTW is more visible at 
low pulse durations (up to 80 .iS on time), the RTW values were higher for the 
larger current, but only at pulse durations (on-time) below 80 LS, while for 
longer pulses, RTW values were almost equal and both were below 1%. The 
RTW is calculated as the direct ratio of tool wear over material removed from 
the workpiece. 
As for surface finish, an increase in current led to an increase in surface rough- 
ness, as shown on fig -.3. The surface of an EDMed. component is made up of mi- 
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croscopic craters associated with the random discharges. The size of these craters 
and hence the surface roughness is proportional to the pulse energy which in turn 
is proportional to the current[3,4]. Roughness measurements on an EDMed 
sur-
face are difficult due the complexity of the topography generated by EDM. It is 
stated that only a very small part the molten material is expelled at the end of 
the pulse while the rest resolidifles inside and around the crater[5,6], this com-
bined with the random distribution of the discharges result in the complex topog-
raphy of machined surfaces. Despite this a reasonnable rough-
ness measurement can be done using a stylus method. The values reported here 
are the average of 10 readings giving R0 . The choice of R 6 
 rather than R l or R q 
stems from the fact that R a  shows the least variation on specimen machined 
under identical conditions [6]. 
For the overcut, which is a measure of the machining gap, it was found to be 
dependent on both current and on-time, with the current's influence being 
stronger and it ranges from 100 im to 210 tm, see fig.4. 
3.2 Effect of Pulse On-time 
This effect can be seen on both fig. 1, flg.2 and fig-5, MRR increases to a max-
imum value and then gradually decreases. The existence of an optimum value for 
the pulse on-time had been reported by Heuvelinan [7]. 
Material removal rate values varied rapidely within the optimum region (high 
gradient of change) while outside that region the variation was low. It can be 
seen that the optimum value of MRR moved upwards (to higher values) when 
the machining current increased, this was reported by [8]. 
The relative tool wear (RTW) decreased with increasing pulse on-time, and the 
same pattern as for MRR was observed, an abrupt decrease within the area of 
optimum values and gradual and slow outside t The low tool wear observed at 
long pulse durations can be explained by the energy distribution at the two elec- 
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trodes. The ratio Pa/PC (power at the anode over power at the cathode) decreases 
with long pulses. Material removal at both electrodes is a function of power den-
sity, which itself is a function of the energy and the plasma channel diameter. 
And since the plasma channel expands as the pulse duration increases [9], it ex-
plains the low tool wear. The RTW drops below 1% outside the optimum re- 
gion, while within it its value is around 4% as shown on 
fig.21 
The effect on roughness is shown on fig.3. Although both current and pulse on-
time have a similar effect on surface finish, that is, an increase in one of them 
will result in an increase in surface roughness, current presents a higher gradient. 
The effect of pulse on-time on the accuracy can be assessed through the overcut 
as shown on ftg.4. Although an increase in pulse on-time leads to a larger over-
cut (0.6 Lm/,,S), it is less pronounced than the effect Induced by the variation in 
current (5 p.m/A). 
3.3 Effect of duty cycle 
The effect on MRR is shown on flg.6. The higher the duty cycle the more ma-
terial is removed, this is more so at short pulse durationS.ThiS can be explained 
by the fact that theno-machining time is reduced to a minimum, but the off-time 
is necessary for a stable machining. A duty cycle higher than 80% resulted in 
short circuits and unstable m
achining, probably because the inter-electrode gap 
was not allowed enough time to de-ionise. If seen in terms of discharge frequen-
cy (number of discharges per seconde), the high duty cycle allows more 
discharges per cycle and thus removing more material. 
3.4 Effect on microhardness  
EDM being a thermal process it will inevitably induce microstructur3.1 changes 
close to the machined surface of the workpieCe which could be compared to a 
localised and superficial heat treatment. To assess the changes in microhardness 
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due to the process a Leitz Waltzer microhardfless tester was used with a lOOg 
load. The material being a composite its structure is heterogeflOUS1 and the pres-
ence of hard particles of alumina, whose hardness is H 2300, makes the read-
ings scattered. In order to get a representative hardness value, 10 readings were 
taken and averaged. The parent material had a microhardnesS value of Hv 193 ± 
5. 
From fig.7 it can be seen that the microhardneSS decreases with increasing dis-
tance from the machined edge and increases with the increasing pulse on-time. 
The hardening process is more pronounced near the machined area, this is due to 
the format-ion of a "damaged layer". It is known that EDMed surfaces exhibit a 
heat affected zone [4,5,8,101 caused by the combination of the high temperatures 
reached during machining and the quenching effect of the dielectric. 
3.4 Effect on tensile properties 
To assess the effect of the EIDM process on tensile properties, standard size, 
cylindrical tensile specimens were produced both by conventional turning and by 
EDM. The specimens were tested on a Lloyd M30K testing machine. The work-
piece was rotated at two different speeds (25 and 265 
rev/mm) while the tool 
was fed onto it. 
The mean value of 15 tests for tensile strength and elongation 
obtained with conventionally turned specimen were: 
Tensile strength (MPa) = 492 ± 4 
Elongation (%) 	= 6.3 ± 0.4 
The specimen 4  machined by EDM showed a slight decrease in tensile strength, 
while the elongation did not show any significant variation. The machining 
parameters varied were current, pulse on-time and the speed of rotation of the 
workpiece. Of these the effect of current is the most pronounced and the only 
significant one. The reduction in tensile strength -  is probably due to the forma- 
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tion of a damaged layer which is stressed and cracked [4,5]. This is caused by 
the quenching effect of the dielectric. The damaged layer is found to be hard, 
and hardness is usually accompanied by britinesS. The combination of cracks in a 
brittle material (in this case a superficial britleness) can explain the reduction in 
strength. The effect of current on tensile strength is shown on fig.8. Although 
there is a slight decrease in strength due to the on-time it is negligible (not 
significant). The average tensile strength values measured at two different 
currents are as follow: 
Current (A) 	TS (MPa) 	% Decrease 
5 	 478±2 	-3 
10 	465±3 	-5.5 
Thus an increase in machining current reduced the tensile strength by 3 and 
5.5% for 5 and 10 A respectively. 
4. DISCUSSION  
In general the results obtained show that the electro-discharge machining process 
of Al-A1203 
is similar to other metals, that is, material removal rate increases 
with increasing current and exhibits a maximum value at the optimum pulse on-
time. The relative tool wear decreases with increasing on-time anddrops below 
1% for long pulse durations. This can be explained by the energy distribution in 
the gap as mentionned earlier. 
The effect of both pulse on-time and current on overcut, as shown on fig.4, do 
not differ from othcr conventional metals. The overcut increases with on-time 
and current, the effect of current being stronger. The changes in microhardness 
are difficult to evaluate and a large number of tests is required. The dramatic 
changes were observed within 50 p.m of the machined edge, while further inside 
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the bulk material the changes were not significant. 
As for roughess it isproportional to both current and pulse on-time. Of these two 
parameters, roughness is influenced more by the current than by the pulse on-
time. Surface roughness increased approximately by 0.13 gm/A, while a lower 
rate of increase was observed during the on-time tests (0.016 jim/9S). 
When compared to the conventionally machined specimens, those produced by 
EDM showed a decrease in tensile strength. The higher the current the larger the 
reduction in strength, a 5.5% 
reduction was found when a IOA current is used 
while for a lower current (5A) the decrease in strength was 3%. This correlation 
between strength and machining current can be explained by the fact that for 
high discharge energies (currents) the cracks extend deep into the white layer and 
sometimes penetrate it [6]. The cracks are caused by the rapid heating and cool- 
ing cycle of the machined area. Regarding the duty cycle, the results obtained 
show that an 80% duty cycle is optimum when using short pulses, while for 
longer pulses a lower duty cycle will yield a higher stock removal and avoid un- 
stable machining. 
The choice of machining parameters in EDM when applied to Al—A1203 
will 
depend on the roughness specification of the finished product. To achieve a good 
surface finish with little reduction in tensile properties, the current must be kept 
low at the finishing operation and the pulse on-time optimised at that current. 
This investigation has shown that this metal matrix composite can be machined 
using the electrodisharge method and it would be possible to use the process for 
complex shapes, deep fine holes and other operations that are difficult or impos-
sible to achieve by conventiOnnal means. Although a reduction in tensile 
strength is present, this effect can be minimised by altering the machining condi- 
tions. 
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5.CONCLUS!9 
Al—A1203, 
a metal matrix composite was machined by EDM in paraffin. Speci-
mens were produced to assess the efects of the process on material removal, tool 
wear, surface finish, microhardness and any changes in tensile strength and duc- 
tility. 
The effect of the electrial parameters on material removal, tool wear and surface 
roughness were found to be similar to the results obtained with other metals. 
That is the existence of an optimum value for the on-time, and a proportional re-
lationship between 
i ) current and material removal 
current and roughness 
current and overcut. 
It was found that the current had a stronger effect on roughness and over-cut than 
on-time. 
MicrohardneSS tests showed the dramatic changes to be within 50 .Lm of the 
machined area, while beyond that value the microhardness did not change 
significantly. 
Tensile strength was affected by the machining current, the two are inversely 
proportional an increase in machining current led to a larger reduction in tensile 
strength. Duciiity was not affected by nny of the parameters (currents on-time 
and speed of rotation of the specimen). 
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The need for higher performance in the automotive and aerospace industries has led to the 
development of new materials combining high strength, wear resistance and lower weight. 
This last requirement has been the focus of research on recent decades. Amongst others, these 
advanced materials include special lightweight alloys and metal matrix composites (MMCs). 
Although there are many metals and metallic alloys which form the basis of these two classes 
of materials, aluminium, in particular, has attracted much attention because of its low density, 
good mechanical properties (when alloyed with appropriate elements) and its excellent 
corrosion resistance. Aluminium combined with lithium (AlLi) is one of the newly developed 
lightweight alloys and is the subject of this investigation. The manufacture of complex 
three-dimensional AILi components by casting or other forming methods may not always be 
possible. In these circumstances non-conventional material-removing techniques may provide 
an alternative solution, either for the complete manufacture of the components or for the 
finishing stage. Gaining a knowledge of the effectiveness and limitations of the more advanced 
machining techniques for new materials is essential if engineers are to exploit their properties 
to the full. The properties and applications of AILi alloys are briefly described. It then 
considers the effect that electro-discharge machining (EDM) has on these materials in terms 
of machining rate, tool wear, surface finish, hardness and tensile strength. 
Keywords: Electro-discharge machining, aluminium-lithium, material removal, tool wear, 
hardness, tensile strength 
1. Introduction 
The ever increasing demands for higher performance has 
led, in the past, to the development of new materials which 
were harder and tougher, e.g. carbides. Nowadays, not only 
are materials expected to be harder and tougher, they are 
also expected to be lighter and exhibit high strength. This 
is a particularly important factor in the transport industry, 
e.g. aerospace and automotive, in which a reduction in 
weight is directly translated into a saving in fuel consump-
tion. Figures from the automotive industry indicate that for 
* Now at the Department of Applied Chemical and Physical Sciences, 
Napier Polytechnic of Edinburgh. 
0960-3158 © 1991 Chapman & Hall  
every 50 kg weight saved, a 0.1 km l' increase in efficiency 
with result [1]. 
The materials developed to achieve this increased 
strength-to-weight ratio inevitably create problems during 
component manufacture either because of the components' 
complex shape, or because conventional shaping processes 
are not able to cope satisfactorily with the enhanced 
properties of many of these materials. 
In order to overcome the problems associated with 
material removal, non-conventional machining methods 
have been developed in the last few decades, one of which 
is electro-discharge machining (EDM). It has been found 
that EDM hole drilling in aluminium-boron composites 
significantly limited the damage caused to the reinforcing 
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filaments when compared with other more conventional 
processes [2]. 
The aerospace industries led the way in the use of the 
new materials achieving desired weight reduction. One 
approach involved the use of carbon fibre-reinforced poly-
mers which in many cases replaced aluminium as the 
preferred material. In response aluminium manufacturing 
companies put considerable effort into the development of 
low density aluminium based alloys, and this effort has 
justifiably re-affirmed the potential of aluminium in aircraft 
manufacture. 
The first attempts at developing an aluminium-lithum 
(AILi) alloys go back to 1924 with the German Scieron, the 
US 2020 in 1958 and the Russian 01420 in 1968 [3]. These 
materials did not gain widespread acceptance at the time 
because of difficulties in production and deficiencies in 
properties. The ingots produced were cracked and of poor 
surface quality [5]. The addition of lithium resulted in a 
reduction in ductility and toughness and posed problems 
owing to its reactivity even in the solid state (contamination 
and recycling) [6]. Nevertheless the research led to the 
development of a range of AlLi alloys with 10% reduction in 
density and a similar increase in elastic modulus, without 
significant degradation of other properties. The acceptance 
of AlLi alloys in the aerospace industry is increasing rapidly. 
For example, the alloy is used in the air intake duct of the 
Mirage 2000 (French fighter aircraft) [7]; successful flight 
trials of the Dassault 'Rafale' and Douglas F15, both 
incorporating AILi, were reported in Reference 3. It was also 
investigated for use on Airbus wings and fuselage [4]. 
The objective of this investigation was to determine the 
optimum electrodischarge machining parameters and assess 
the effects of the machining process on surface finish, tensile 
strength, elongation and microhardness of the AlLi alloy. 
2. Experimental procedures and results 
The material used in this investigation was 8090 AlLi 
alloy (density 2.54gcm 3), damage tolerant plate of the 
type used on Airbus A340 wing panels. It was supplied by 
Alcan Aerospace. The chemical composition of this and 
some other AlLi alloys is shown in Table 1. The experi-
mental trials were conducted on an EDM die sinking 
machine (I SOY, 90A) and with a paraffin dielectric. The 
effect of the machining parameters (peak current and 
pulse on-time) on the material removal rate (MRR), rela-
tive tool wear (RTW) and surface quality were measured. 
To assess the effect of peak current, tests were performed 
with currents in the range 1-17A. For the remaining tests 
currents of 2, 5, 10 and 15 A were used. The pulse on-time 
values were in the range 10-100.ts for all tests except test 
3, for which a wider range was used, 10-900 its. For pulse 
off-time, unless otherwise stated (Fig. 3), a constant value 
of 10 ,us was used. 
Table I. Chemical composition of some registered commercial 
Al-Li alloys (wt%) 
Material Li Cu Mg Zr Fe Si Al 
8090 2.5 1.3 0.8 0.12 0.10 0.05 Bat 
8091 2.6 1.8 0.9 0.12 0.10 0.05 Bat 
F88R 2.8 1.2 1.3 0.14 0.23 0.14 Bat 
F92 2.3 1.2 0.5 0.12 0.12 0.08 Bat 
Although positively polarized copper was mainly used as 
tool material a comparison with copper graphite and with 
the effect of negative polarity was also obtained. To assess 
MRR and RTW the workpieces and tools were weighed 
before and after machining (an accuracy of 10 - 'g). The 
RTW was calculated as the ratio of the specific mass 
removed from the tool to that removed from the work-
piece. 
For roughness measurements the specimens were cleaned 
in alcohol and dried. A Talysurf 4 was used with a 'cut-off 
distance' of 0.3 mm. Ten readings were taken on each 
specimen and averaged to give the surface roughness. 
Microhardness measurements on polished specimens were 
taken with a microhardness tester (Leit4, readings were taken 
at different distances from the machined edge for a 50 g load. 
Round tensile test specimens, of 5.05 mm diameter and 
25.2 mm gauge length, were produced to British Standards 
(BSI8, 1987) quality on specially designed apparatus for 
investigations of the effect of EDM on tensile strength, 
elongation and microhardness. To that end, each specimen 
workpiece was mounted on a rig, immersed in dielectric, and 
rotated at speeds of 25 and 265 rev min , while a knife-
edged tool was fed onto it. Results for tensile strength and 
elongation were also obtained for specimens produced by 
conventional turning as a comparison. A Lloyds M30K 
tensile testing machine was used for measurement of these 
mechanical properties. 
2.1 Effect of current 
The effect of peak current on material removal rate (MRR) 
and relative tool wear (RTW) is shown in Fig. 1. The value 
of MRR increases rapidly with a rise in current. This is 
expected since the material removal is directly related to the 
pulse energy (energy of the electric discharge) and thus to the 
current. 
On the same Figure, the RTW rises to a maximun 
(3.9%), and then decreases. For a current of 0.5A cor 
responding to an energy of 3.5 mJ (low energy pulses) th 
RTW is noted to be less than 1%. Roughness and MRR 
displayed similar behaviour. An increase in current resultec 
in an increased roughness value. A surface machined b) 
electro-discharge is made up of microscopic craters asso 
ciated with discrete discharges. The size of these craters 
and hence the surface roughness, is proportional to thi 
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10 	2.2 Effect of pulse On-time 
Figure 3 demonstrates that as the pulse-on time increases, 
both MRR and RTW increase to a maximum value and 
8 	then gradually decrease. The existence of an optimum for 
! the pulse-on time has been reported [10]. In this case the 
optimal value for the pulse on-time is 155 zs and compares 
6 Z 	well with 110 ,is, the value obtained from Leemeris' equa- 
tion [10]. 
The optimum value depends on the pulse energy, in this 
case 73.6 mJ. A shorter pulse on-time will yield the maxi-
mum MRR for a lower pulse energy. Under these conditions, 
the relative tool wear (RTW) was found to exhibit a similar 
2 	although less striking variation (2.8-3.7%). 
2.3 Effect of tool material and polarity 
To investigate the effect of tool material, copper and 
copper-graphite, both with positive polarity, were studied. 
Under all conditions copper tools performed better than 
copper graphite, as shown in Fig. 4. The MRR obtained 
700-s 	 1 10 
0 
Fig. 1. Effect of peak current on material removal rate ( x ) and 
relative tool wear (0); Tool: Cu( +); On-time: 155 As 
1020% of the material is expelled from the molten area 
at the end of the pulse, while the rest resolidifies around 
the crater [8], and due to the random distribution of the 
discharges, the surfaces generated by EDM are complex. 
Nevertheless surface roughness measurements provide 
useful information. To that end the arithmetic mean 
roughness value, R, was found to show the least vari-
ation on ten specimens machined under identical condi-
tions, when compared with the maximum peak to valley 
height, R, or the root mean square roughness value, Rq 
[9]. The effect of peak current on surface roughness is 










Peak current (A) 
Fig. 2. Effect of peak current on roughness; Tool: Cu(+); On-
time: 155 tls; Gap voltage: 45 V 
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Fig. 3. Effect of pulse on-time on material removal rate (x) 
and relative tool wear (0); Off-time=0.500n-time (Cycle 
66%); Tool: Cu( +); Peak current: 15 A; Gap voltage: 45 V 
* Leemeris' equation is 
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Where, ç,, is the optimum pulse duration, K 
is the heat conduc-
tion coefficient, T. is the melting temperature; m is the latent heat of 
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Fig. 4. Effect of tool material on (a) material removal rate. (b) 
relative tool wear and (c) roughness; ( x ) Cu-C tool (+); (El) Cu 
tool (+): Peak current: 5 A: Gap voltage: 48 V 
Fig. 5. Effect of tool polarity on material removal rate ( x ) Cu 
tool (+); (D) Cu tool(—); Peak current 2A; Gap voltage: 40V 
with copper is significantly higher than those of copper-
graphite. Similar, but more marked, differences occur with 
RTW, which was three to five times higher with copper 
graphite than with copper tools. Copper tools also produce 
a better surface finish, for the entire range of pulse on-
times. 
From tests on effect of tool polarity (Fig. 5) there is a 
clear increase in material removal rate when the tool and 
the work-electrodes are positive and negative, respectively, 
for both short and long pulse durations. 
2.4 Effect of machining conditions on microhardness 
EDM is a thermal machining process which inevitably 
induces microstructural changes in the vicinity of the 
surface of the workpiece. The extent of the heat affected 
zone (HAZ) in the material can be checked through micro-
hardness. Although the thickness of the damaged layer was 
small, the microhardness measurements were nevertheless 
able to provide a reasonable indication of the thermally 
induced microstructural changes in the material, close to 
the machined surfaces. 
In Fig. 6, the hardness of the workpiece is noted to rise 
with both pulse on-time and decreasing distance from its 
interface with the dielectric. A rise in the pulse length, and 
hence the discharge energy, causes greater melting and 
vapourization near the surface of the metal; where rapid 
quenching by the dielectric takes place the remainint 
energy is absor1ed into the bulk of material. This interpre 
tation is consistent with observations that the most signifi-
cant changes in the material structure occured within 75-
100pm of the machined surface, beyond which there was 
gradual restoration to the original, untreated hardnes: 
value of 155 H 1 . at 200 pm distance. 
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Fig. 6. Effect of (a) pulse on-time (b) distance from edge on 
microhardness (a) for various distances from edge () 25 pm (0) 
50pm (x) 75pm (V) 100 pin (—) denotes untreated patent 
material; (b) for various on-times (V) 150 ps ( x ) 120 ,us (0) 60 ps 
(0) 30 is; Peak current: 10 A; Gap voltage: 60V 
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Table 2. Variation in tensile strength and percentage elongation 
with process 
Process 	 Tensile 	 Percentage 
strength (MPa) 	elongation (%) 
Conventional 
turning 	 493 ± 1.8 	 13.8 ± 0.74 
EDM 
(Peak current 5A) 	489± 2.1 	 13.1+0.67 
EDM 







Roughness, Ra (pm) 
Fig. 7. Relationship between roughness and tensile strength. 
Note: Regression analysis yields the linear relationship between 
tensile strength (TS) and surface roughness TS=499.74-4.3R 
(based on a coefficient of correlation r = 0.74 tested at 1% signifi-
cance level by use of the t-distribution (t*0.005,l0)3.l69) 
An increase in current also gives rise to greater surface 
roughness, which in turn is related to the reduction in 
tensile strength, noted in Fig. 7. Such an effect is consistent 
with a deeper damaged layer, obtained when the surface 
becomes rougher at the higher removal rates achieved 

























2.5 Effect of EDM on tensile properties 
Table 2 shows that the tensile strength and percentage 
elonagation of the electro-discharge machined specimens 
are lower than those produced by conventional turning, 
and that with the former method of production, a rise in 
peak current causes a further reduction in these mechanical 
properties (pulse on-time was found to have negligible 
effect). This behaviour may be attributed to the stress 
created on the material during the high thermal contrac-
tion caused by the quenching effect of the dielectric, by 
which boundary cracking occurs [I I]. 
3. Discussion 
As no other information is available on the EDM of other 
aluminium-lithium alloy, comparison of its performance in 
relation with other metals (e.g. steel) reveals similar behav-
iour; an increase in metal removal rate with rise in pulse 
current, to a maximum which occurs at an optimum pulse 
on-time, was found to be 155 As for the present experimental 
conditions. In comparison with Leemeris' equation, in which 
constants for pure aluminium were used, this time was 
calculated as 110 p5; c.f. the experimental value of 155 ps. 
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The difference between experimental and theoretical 
values may be partly caused by differences in the assumed 
values for the thermal constants for pure aluminium and 
aluminium-lithium alloy. Quantities for the latter were 
not available, although in view of the small con-
centrations (<2.8% by weight) in which lithium is 
alloyed with aluminium the values may not be greatly 
dissimilar. 
Contrasting results are obtained however for the rela-
tive tool wear of the aluminium-lithium alloy and steel. 
The former increases with pulse on-time to a maxi-
mum, and then decreases, whereas with steel [12], 
the lowest wear coincides with an optimum pulse on-
time. 
Comparison of typical microhardness changes show 
that the heat affected zone (HAZ) for aluminium lithium 
alloy is far greater than that of steel (200 pm compared 
with 80 pm), attributed to the difference in their 
thermal conductivities (210 (aluminium) and 64 (steel) 
Wm K'). 
The surface roughness increased much more significantly 
with peak current than pulse on-time. A related, small, but 
significant reduction in the magnitude of the tensile proper -
ties of elect ro-discha rge machined specimens compared 
with those produced conventionally is another feature of 
these alloys. 
4. Conclusions 
These results indicate that the EDM conditions chosen for 
AlLi alloys should depend on the surface roughness speci-
fied for the finished product, coupled with requirements 
on the tensile properties. From the experiments, when the 
current is kept low; and its corresponding on-time opti-
mized, the smoothest surface finish with little reduction in 
tensile properties is obtained. The investigation confirms 
that aluminium-lithium alloys can be readily electro-
discharge machined; that the technique is capable of 
extension to complex three-dimensional shapes is an 
encouraging sign. 
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